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ABSTRACT
A former tar plant site in the southeastern U.S. is one of hundreds across the
country that is contaminated with polycyclic aromatic hydrocarbons (PAHs). The 2007
CERCLA Priority List of Hazardous Substances ranks PAHs as the eighth most
prominent hazardous substance at National Priority List sites. However, benzo(a)pyrene
is the only PAH that is regulated under the Safe Drinking Water Act, with a maximum
contaminant level of 0.2 µg/l. As with most sites, monitored natural attenuation was the
preferred bioremediation approach for this site, assuming it could be shown that the
PAHs were undergoing biodegradation. Field data from the site suggested that the
contaminated groundwater was stable, i.e., the PAHs were not migrating. However, the
field data was not sufficiently conclusive to warrant monitored natural attenuation as a
remedy. In such cases, laboratory studies may be conducted to fill in gaps left by the
field data. The focus of this thesis was to evaluate PAH biodegradation in samples taken
from the site using microcosms. The research objectives were as follows: 1) To evaluate
the potential for aerobic and anaerobic biodegradation of PAHs at the tar plant site using
microcosms prepared with crushed carbonate bedrock and groundwater from two
locations; 2) To determine the distribution of products formed during biodegradation of
[14C]naphthalene, including

14

CO2 and

14

C-labeled soluble metabolites; and 3) To

evaluate the potential of sulfate to enhance in situ anaerobic biodegradation of
naphthalene. Since naphthalene was present at considerably higher levels than the other
PAHs (acenaphthene, fluorene and phenanthrene), its fate was evaluated in more depth
via the use of [14C]naphthalene.
ii

Fractured rock and groundwater samples were collected from two locations:
location 1 was heavily contaminated with PAHs (i.e., 7.5 mg/L concentrations in the
groundwater); and location 2 was less contaminated (i.e., less than approximately 1 mg/L
in the groundwater).

Two sets of microcosms were evaluated. Set I was designed to

compare the extent of PAH biodegradation under aerobic and anaerobic conditions, for
both locations. Set II microcosms were designed to enhance anaerobic degradation by
biostimulation with sulfate. For the Set I microcosms, four treatments were prepared: i)
live microcosms, designed to simulate in situ conditions; ii) live microcosms with
approximately 0.45 µCi of [14C]naphthalene; iii) killed controls, to determine if activity
observed in the live microcosms was a consequence of biotic or abiotic processes; and iv)
killed controls with approximately 0.45 µCi of [14C]naphthalene. Each treatment was
prepared in triplicate, yielding 12 microcosms per redox condition per location, or a
grand total of 48 microcosms.
Biodegradation of naphthalene, acenaphthene, fluorene and phenanthrene was
observed under aerobic conditions for both locations 1 and 2. The first order decay rate
for naphthalene was greater than or equal to 0.19 d-1 for location 1 and approximately
0.053 d-1 for location 2. The decrease in naphthalene coincided with a decrease in the
percentage of oxygen in the headspace of the live treatments. Nevertheless, delivering
oxygen to the contaminated areas of this site would be challenging, due in part to the high
costs associated with aeration and the low solubility of oxygen.
Analysis of the distribution of

14

C in the aerobic microcosms confirmed that

mineralization was the predominant fate process, with a higher percentage of
iii

14

CO2

detected in the live microcosms from location 1 (81%) versus 2 (45%). The majority of
the 14C remaining in the killed controls was due to [14C]naphthalene.
Under anaerobic conditions, naphthalene concentrations in the location 1 live
microcosms decreased over the first 23 days of incubation by approximately 50%,
followed by a stall in activity. After determining that the low level of sulfate initially
available in the groundwater had been depleted, more was added on days 397 and 486.
About one-half of the added sulfate was consumed (presumptively by reduction to
sulfide).

Nevertheless, stimulation of sulfidogenesis did not result in any further

anaerobic biodegradation of naphthalene.

With location 2, there was no conclusive

evidence in support of anaerobic biodegradation of PAHs. These microcosms had an Eh
above -110 mV that was not conducive to methanogenesis. After more than a year of
incubation, there was still no indication that methanogenic conditions (and possibly
commensurate fermentation of naphthalene) were likely to develop in the location 2
anaerobic microcosms.
In the location 1 anaerobic microcosms, approximately 21% of the
[14C]naphthalene was recovered as

14

CO2 in the live treatment, while the location 2

microcosms did not show any significant

14

CO2 accumulation. The majority of the

14

C

remaining in the killed controls was due to [14C]naphthalene. In the live anaerobic
microcosms for location 2 and in the killed controls, approximately 6-8% of the

14

C

added was identified as soluble nonstrippable residue (sNSR). Detection of similar levels
of [14C]sNSR in the water controls suggests this material may represent an impurity in the
[14C]naphthalene stock solution. [14C]sNSR in the location 1 live microcosms was higher
iv

(approximately 21%), suggesting that at least some of this material was a product of
[14C]naphthalene biodegradation.
The results from Set I for location 1 suggested that the availability of sulfate may
play a significant role in the extent of anaerobic naphthalene biodegradation. To test this
further, Set II was prepared. For the Set II microcosms, six anaerobic treatments for
location 1 were prepared: i) live microcosms with sulfate added, designed to evaluate the
potential for enhancing in situ biodegradation; ii) live microcosms with sulfate and
approximately 0.45 µCi of [14C]naphthalene dissolved in methanol; iii) live microcosms
with sulfate and molybdate added, in order to inhibit sulfate reducing activity; iv) live
microcosms with sulfate, molybdate and approximately 0.45 µCi of [14C]naphthalene
dissolved in methanol; v) killed controls with sulfate added, to determine if activity
observed in the live microcosms was a consequence of biotic or abiotic processes; and vi)
killed controls with sulfate and approximately 0.45 µCi of [14C]naphthalene dissolved in
methanol.

Each treatment was prepared in triplicate, yielding a grand total of 18

microcosms.
After 122 days of incubation, biodegradation activity was not observed for any of
the PAHs, in spite of the fact that sulfidogenic conditions did develop. These results cast
doubt on the opportunity to enhance in situ anaerobic biodegradation of the two and three
ring PAHs simply by addition of sulfate.

v
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CHAPTER 1
INTRODUCTION
Polycyclic aromatic hydrocarbons (PAHs) consist of over 100 different chemicals
that are formed from incomplete combustion of coal, garbage, oil, gas or organic
materials. PAHs are ubiquitous and are generally found in combinations of these
compounds. The sources of PAHs can be either natural or anthropogenic. PAHs are
mostly used in the production of dyes, plastics, pesticides, solvents, resins and even in
medicines (2, 13, 43).
The 2007 CERCLA Priority List of Hazardous Substances ranks PAHs as the
eighth most prominent hazardous substance at National Priority List sites (1). The
Environmental Protection Agency (EPA) has set a maximum contaminant level of 0.2
µg/L for benzo(a)pyrene (B(a)P), a five ring PAH, and a maximum contaminant level
goal of zero. Although EPA mentions PAHs in general in their literature on contaminants
in drinking water, B(a)P is the only PAH that is regulated under the Safe Drinking Water
Act. Acute exposure to PAHs similar to B(a)P at levels above the maximum contaminant
level may damage red blood cells, leading to anemia, suppressing the immune system,
and affecting the reproductive system (43). According to the Agency for Toxic
Substances and Disease Registry, the following PAHs are probable human carcinogens:
benzo(a)anthracene; B(a)P; benzo(b)fluoranthene; benzo(k)fluoranthene; chrysene;
dibenz(a,h)anthracene; and indeno(1,2,3-c,d)pyrene. The following PAHs are not
classifiable with respect to human carcinogenicity:

acenaphthylene; anthracene;

benzo(g,h,i)perylene; fluoranthene; fluorene; phenanthrene; and pyrene. In spite of its
1

prevalent occurrence with other PAHs, naphthalene is not regulated and is not on the list
of 17 PAHs that are associated with health effects (3).
EPA classified 17 PAHs as priority pollutants based on the extent of information
available, potential for human exposure, relative toxicity and concentrations at which
they were found at sites on the National Priority List. EPA has identified approximately
750 National Priority List sites where PAHs co-exist with other contaminants (3).
When released to the environment, PAHs may undergo a variety of
physical/chemical and biological transformations. PAHs may be subjected to direct
photolysis when exposed to sunlight. However, the adsorption of PAHs to particulates
may retard photolysis. PAHs are strongly hydrophobic. For example, B(a)P has a high
log octanol-water partition coefficient, log Kow , of 6.04. PAHs also tend to have low
water solubilities. For example, the solubility of B(a)P is only 3.8 µg/L at 25°C. PAHs
tend to adsorb to sediments and particulate matter when released to water. As a group,
PAHs have high organic carbon partition coefficients (e.g., 5.50 x 106 mL/g for B(a)P
(30)), indicating they have a strong tendency to adsorb to organic matter and therefore
have low mobility in soil, with a subsequently low potential to leach to groundwater.
Biodegradation is a significant fate process in soils, with half-lives ranging from 2 days
to 1.9 years (22, 43). PAHs containing two or three aromatic rings are more readily
biodegradable than PAHs with four or more aromatic rings (8, 13, 24). Because of the
large bioconcentration factor (e.g., 2675 for B(a)P) for PAHs, they bioconcentrate in
aquatic organisms, which are often unable to metabolize them. Human exposure to PAHs
is mostly from inhaling contaminated air and consuming contaminated food and water.
2

Smoking cigarettes and ingestion of foods such as smoked and charcoal broiled meats
and fish can result in exposure to PAHs (43).
A number of remediation methods have been used to treat PAHs. Bioremediation
is among the least costly approaches, especially when the approach used is monitored
natural attenuation. Predicting when bioremediation is or is not feasible depends in part
on a thorough understanding of how PAHs undergo biodegradation in various redox
environments. In the review of biodegradation potential that follows, the focus is on
naphthalene, since the fate of naphthalene was a major concern with the research
presented in this thesis. References are periodically given to other PAHs, but a detailed
review of biodegradation for all PAHs is beyond the scope of this thesis. A description
of naphthalene biodegradation for each of the common electron acceptor conditions
found in nature is given next, followed by a description of commonly used
bioremediation practices.
1.1 PAH Biodegradation under Aerobic Conditions
PAHs are more readily biodegradable under aerobic conditions than with any
other terminal electron acceptor (TEA).

The principal mechanism for aerobic

metabolism of PAHs by bacteria is oxidation of the aromatic ring, followed by ring
fission and subsequent metabolism of the resulting organic acids, ultimately to carbon
dioxide. One of the benzene rings within the PAHs is initially oxidized by the action of
dioxygenase enzymes to form cis-dihydrodiols. These are then dehydrogenated to form
dihydroxylated intermediates, which are further metabolized via catechols to carbon
dioxide and water (5). Organisms from the genus Pseudomonas and Rhodococcus are
3

among the diverse bacteria capable of oxidizing naphthalene using dioxygenase enzymes
(5, 11, 34). Certain bacteria such as Mycobacterium sp. can oxidize PAHs by the action
of the cytochrome P450 monooxygenase enzyme to form trans-dihydrodiols (27).
An enrichment culture obtained from a petroleum contaminated soil sample
reportedly had a maximum specific substrate utilization rate (qmax) of 0.636 mg
naphthalene per mg protein per hr. The observed half-saturation coefficient (Ks) for
naphthalene was 0.572 mg/L. The low Ks value indicates that high biodegradation rates
will be sustained even at low levels of naphthalene. The reported yield was 0.41±0.08 mg
cell per mg naphthalene, which is within the range of 0.4 to 0.8 mg cell/mg substrate for
aerobic bacteria (29, 42). Knightes and Peters (29) ranked several PAHs according to
their biomass-normalized first-order rates of biodegradation as follows: naphthalene >
pyrene > flouranthene ~ phenanthrene ~ anthracene > fluorene > acenaphthene.
Batch reactor studies were conducted to investigate the ability of pseudomonad
strains to aerobically biodegrade three and four ring PAHs, within a time frame of 200 h.
The three PAHs considered (anthracene, phenanthrene and pyrene), along with
naphthalene and acenaphthene, were the only available carbon sources. Strains W-2 and
KBM-1 were capable of degrading anthracene from its water solubility limit of 43.4 µg/L
to nondetectable levels in 84 h and 12 h, respectively. Phenanthrene and pyrene were
degraded to nondetectable levels by strains SAG-R and KBM-1 in approximately 12 and
60 h, respectively.

Naphthalene degradation to nondetectable levels was always

achieved, prior to the onset of degradation of the other PAHs. The controls did not show
any decrease in PAH concentration over the 200 h period, which confirmed that the
4

decrease in concentration was a result of a biotic process, rather than abiotic. In addition,
measurement of the dissolved oxygen indicated that oxygen utilization for PAH
degradation was consistent with the expected theoretical stoichiometric demand (31).
Another microcosm study conducted with a soil-water system showed the aerobic
degradation of naphthalene (7 mg/L) and acenaphthene (1 mg/L) to nondetectable levels
in approximately 10 days, after a 2 day acclimation period. In contrast, biodegradation of
naphthalene and acenaphthene did not occur under anaerobic conditions during 10 weeks
of incubation, which suggests the necessary microbes or environmental conditions (e.g.,
TEA) was lacking (32).
In summary, various studies have reported the biodegradation of PAHs under
aerobic conditions. Oxidation of the aromatic ring is the principal mechanism involved
during PAH degradation by bacteria. Pseudomonas, Rhodococcus and Mycobacterium
spp. are among the diverse types of bacteria capable of oxidizing PAHs. In general,
PAHs containing two or three aromatic rings (e.g. naphthalene, acenaphthene and
phenanthrene) are more readily biodegradable than PAHs with four (e.g., pyrene) or more
aromatic rings (8, 13, 24, 31). In contrast, Knightes and Peters (29) showed that it is
possible for larger PAHs like pyrene to degrade almost as fast as naphthalene. The low
Ks values for naphthalene suggest that biodegradation may be achievable at sites with low
naphthalene concentrations.
1.2 PAH Biodegradation under Nitrate-Reducing Conditions
Microbial degradation of naphthalene and acenaphthene, under denitrifying
conditions, has been reported with soil containing approximately 105 denitrifying
5

organisms per gram of soil, at soil to water ratios (g/mL) of 1:25 to 1:50 (33). Aqueous
phase naphthalene decreased from approximately 4 mg/L to non-detectable levels in 47
days in the sample with a 1:50 soil to water ratio. Naphthalene degradation was
accompanied by a corresponding decrease in the concentration of nitrate. The nitrate
demand for naphthalene degradation to non-detectable levels was determined. A two
week acclimation period was observed prior to naphthalene degradation.

In the

experiment with acenaphthene, the amount of nitrate provided was less than the amount
that would have been required to degrade acenaphthene under nitrate reducing conditions.
A small decrease in acenaphthene (from 0.4 to 0.2 mg/L) was observed over a period of
40 days; further degradation was limited due to a lack of nitrate. Although sulfate was
present in the soil, the sulfate concentration did not change. This confirmed that the
observed PAH degradation was not related to sulfate reduction (33).
Strains NAP-3-1 and NAP-4 were able to biodegrade naphthalene under nitrate
reducing conditions, with naphthalene serving as the sole carbon and energy source (37).
Approximately 70% and 90% of 14C-labeled naphthalene was degraded by NAP-3-1 and
NAP-4 respectively, while less than 20% was recovered as 14CO2 with both of the strains.
Less than 4% of the 14C was recovered as non-volatile fractions. The majority of the 14C
was associated with cell mass, which comprised of 30% and 50% of the initial

14

C-

labeled naphthalene for NAP-3-1 and NAP-4, respectively. Approximately 10% and 30%
of the radiolabel was recovered as hexane extractable

14

C (which included naphthalene)

for NAP-3-1 and NAP-4, respectively. No significant loss of naphthalene or nitrate was
observed in the cell free controls, which confirmed that naphthalene degradation was a
6

result of biodegradation. This was the first known study to have demonstrated
naphthalene degradation under nitrate reducing conditions by pure cultures (37).
Three pseudomonad strains (SAG-R, W-2 and KBM-1) degraded three and four
ring PAHs (anthracene, phenanthrene and pyrene) to non-detectable levels under
denitrifying conditions. Anthracene, phenanthrene and pyrene were degraded under
denitrifying conditions, from their water solubility limit to <0.001 mg/L in 12-80 h, 1244 h and 24-72 h, respectively. Except for the degradation of the three PAHs by SAG-R
and degradation of anthracene by W-2, the anaerobic biodegradation rates were lower
than those observed under aerobic conditions (see above).

Under nitrate reducing

conditions, strain KBM-1 degraded anthracene in less than 60 h, phenanthrene in
approximately 44 h, and pyrene within 72 h. Strain W-2 was not able to degrade pyrene
over the 200 h period and its ability to degrade phenanthrene was not evaluated (31).
In summary, several studies have reported the degradation of PAHs to
nondetectable levels when nitrate served as the TEA. Naphthalene can be utilized as a
sole carbon and energy source under these conditions. Although biodegradation of PAHs
under nitrate reducing conditions has been reported, very few studies have isolated the
pure cultures responsible. Several studies have reported an anaerobic pathway for the
degradation of PAHs, including a pathway for naphthalene degradation under sulfate
reducing conditions (5). Nevertheless, no studies were found that specifically reported the
pathway for PAH degradation under nitrate reducing conditions.

7

1.3 PAH Biodegradation under Iron-Reducing Conditions
The first report of naphthalene biodegradation under iron-reducing conditions was
made based on a study with sediment collected from Bemidji, Minnesota (4). Biooxidation of naphthalene at the Bemidji site without any lag period indicated that the
microorganisms were adapted to in situ naphthalene degradation under Fe(III) reducing
conditions. Rapid naphthalene degradation was observed in regions with greater Fe(III)
concentrations, within the contaminated zone. Additional groundwater studies at the
Bemidji site suggested the absence of any significant electron-shuttling compounds or
Fe(III) chelators. In contrast, anaerobic naphthalene degradation did not occur in samples
taken from two other sites: Hanahan, South Carolina; and Columbus, Mississippi. The
results suggest that differences in degradation capacities among the sites may be linked to
differences in the indigenous microbial populations prior to petroleum contamination (4).
A radiotracer study using samples from a creosote contaminated site suggested
anaerobic naphthalene degradation under either iron reducing or methanogenic conditions
(7). The groundwater was abundant in ferrous iron, methane and CO2. Decreases in
naphthalene of 14 mg/L were observed along the flow path. The highest CO2
concentration (187 mg/L) observed near the discharge zone was much higher than the
amount expected based on methanogenesis or iron-reducing conditions. The presence of
naturally occurring organics other than what was available from creosote may have
contributed to the high CO2 levels. Following 230 days of incubation, the
varied from 54% to 107%, while the maximum
14

14

C recovery

CO2 detected was 24%. Evaluation of

C-labeled products other than 14CO2 was not attempted (7).
8
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In summary, studies of PAH degradation under iron reducing conditions are
scarce. The availability of Fe(III) as a TEA and indigenous Fe(III) reducers may play an
important role during PAH biodegradation. Further work is needed to evaluate the
microorganisms and pathways involved in biodegradation of PAHs using iron as a TEA.
1.4 PAH Biodegradation under Sulfate-Reducing Conditions
Biodegradation

of

PAHs

under

sulfate-reducing

conditions

has

been

demonstrated. This is significant because sulfate is the predominant electron acceptor in
marine environments and the sediment in many US harbors is contaminated with PAHs.
A study of sediments from a heavily contaminated (33 mg/kg of sediment) Naval
Base (San Diego, California) which suffered from a long term exposure (60 years) to
PAHs, showed oxidation of [14C]naphthalene and [14C]phenanthrene in about 60 days
(12). Approximately 82% of the [14C]naphthalene and 94% of the [14C]phenanthrene was
recovered as

14

CO2 for the Naval Base sediments. Sulfate reduction was necessary for

PAH mineralization. Sulfate was detected in the sediments by ion chromatography. The
amount present (10 mM) was sufficient to serve as an electron acceptor. No nitrate was
detected in the sediments. Addition of 20 mM of molybdate (which is a specific inhibitor
of sulfate reduction) completely inhibited the oxidation of [2-14C] acetate to

14

CO2,

demonstrating the predominance of sulfate reducing activity (12, 36). In contrast, the
amount of labeled PAHs (naphthalene and phenanthrene) recovered as

14

CO2 was less

than 4% in sediment samples from the Shelter Island (San Diego, California) site, which
was contaminated only for 30 years and had much lower PAH concentrations (4 mg/kg of

9

sediment). This suggests that a long term exposure to PAHs under sulfate reducing
conditions may be essential before a PAH degrading community can be established (12).
Samples of PAH-contaminated marine sediments from Boston Harbor were
monitored for a year to evaluate the possibility of in situ [14C]PAH degradation under
sulfate reducing conditions. Seawater used in the microcosms provided sulfate
concentrations of 10-20 mM. The smaller PAHs (acenaphthene; fluorene; phenanthrene;
and anthracene) were degraded more rapidly than the larger ones (fluoranthene; pyrene;
benz(a)anthracene; chrysene; benzo(b)flouranthene; benzo(k)fluoranthene; and B(a)P),
with the exception of naphthalene, which degraded at a slower rate (38). In general,
larger PAHs are known to be more recalcitrant (8, 13, 24, 29). As expected, the addition
of molybdate (20 mM) inhibited PAH degradation by the sulfate reducing bacteria (36).
This was the first study to demonstrate the self purification potential for marine harbor
sediments contaminated with PAHs (38).
In summary, several studies have reported PAH biodegradation under sulfate
reducing conditions, especially in marine sediments. Long adaptation periods appear to
be needed. In groundwater systems that are sulfate limited, it is conceivable that PAH
biodegradation could be enhanced by the addition of sulfate.
1.5 PAH Biodegradation under Methanogenic Conditions
Biodegradation of naphthalene has been reported under methanogenic conditions,
although not as frequently as with other anaerobic environments. As indicated above in
the section on iron-reducing conditions, Bianchin et al. (7) also reported biodegradation
of naphthalene under methanogenic conditions. This was one of the first field studies to
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demonstrate naphthalene degradation under methanogenic conditions. The disappearance
of naphthalene (approximately 14 mg/L) and the presence of abundant methane
suggested that methanogenesis was occurring at the site. Moreover, large amounts (187
mg/L) of CO2 were also observed in the aquifer, which was probably a product of
methanogenesis and oxidation of naturally occurring organics (7).
Studies were carried out to investigate the ability of Erren River sediment, from
southern Taiwan, to biodegrade five PAHs under methanogenic conditions:
acenaphthene, fluorene, phenanthrene, anthracene and pyrene (45).

The oxidation

reduction potential under methanogenic conditions after 72 days of incubation was -320
mV and the methane concentration was 898 mg/L. The pH ranged from 6.9 to 7.2 over
the incubation period of 80 days, which is conducive for methanogens. PAH degradation
was enhanced when the five PAHs were present simultaneously in the river sediment,
rather than when they were present individually. It was observed that the addition of
lactate, pyruvate or acetate under methanogenic conditions enhanced PAH degradation.
The reason for this increase in naphthalene degradation was unclear (45). The addition of
heavy metals (lead, cadmium, copper or zinc, at 2 mg/L) inhibited the PAH degrading
capacity due to their toxicity (16, 45).
Although PAH biodegradation has been reported under the most reducing of
naturally occurring environments, comparatively little is known about this process,
including the microbes responsible. Methanogens are not able to use PAHs as substrates
and therefore rely on the activity of fermentative bacteria (also referred to as acidogens)
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to convert the PAHs to acetate and hydrogen. Further studies on the degradation of
PAHs under methanogenic conditions are needed to better understand this process.
1.6 PAH Bioremediation
A variety of technologies have been used to monitor or promote biodegradation of
PAHs, including land farming, air sparging, composting, biopiling, biostimulation and
bioaugmentation. Each approach is briefly described below.
Land farming is generally performed in the upper soil zone and focuses on
stimulating the indigenous microbes in the soil by providing oxygen, nutrients and water
(5, 13). The process involves mixing of the contaminated soil with soil amendments such
as nutrients and soil bulking agents, followed by tilling of the mixture into the earth.
Tilling is carried out periodically to aerate the soil. Degradation can be enhanced by
controlling certain soil parameters such as the moisture content, pH and frequency of
tilling (10). This in situ technique has been successfully used for many years to treat near
surface soil contamination for hydrocarbons, including PAHs. Land farming may be
suitable at sites where there is no opportunity for migration of the contaminants and only
the upper soil (approximately 30 cm) is contaminated (13).
A pilot scale land farming treatment was carried out on PAH contaminated soil
from a wood treatment facility (5, 40). Ground rice hulls were added to serve as a bulking
agent and promote aeration of the soil. Pelletized dried blood was added as a nitrogen
source and the soil was bioaugmented with Pseudomonas aeruginosa strain 64. Water
was also added and the soil was tilled in order to aerate it. Over a period of 1 year,
benzo(a)anthracene and B(a)P decreased by 79.5 % and 11.3%, respectively (5, 40).
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Air sparging is a method used to aerate soil and/or groundwater (21). Sparging
promotes removal of contaminants by biodegradation and volatilization. Two approaches
are commonly used with groundwater. In-well aeration involves the injection of gas,
usually air, into a well, which results in an in-well airlift pump effect. Air injection is the
process of injecting air under pressure directly into the saturated groundwater. Soil vapor
extraction is commonly needed to capture contaminants that volatilize into the
unsaturated zone (21).
Many process configurations are available for composting, such as, in-ground
trenches, bioreactors, open piles and silos. Although more costly than composting in
windrows, use of bioreactors is preferred because it provides greater control over the
temperature, oxygen supply and use of bulking agents during the composting process (5).
Anthracene, phenanthrene and pyrene were successfully reduced over a period of 60 days
in laboratory scale composting bioreactors. Mercuric chloride poisoned controls did not
show any PAH degradation, which suggested that removal was biotic and not abiotic.
The extent of reduction achieved through composting was not mentioned. However,
benzo(a)anthracene persisted in the waste and fluorene was too volatile to be composted
(26).
Soil from a former gas-works site in Prague was contaminated with PAHs. Sasek
et al. (39) evaluated treatment of this type of soil in a thermally insulated chamber using
mushroom compost. The composted soil sample showed a substantial (20%-60%)
decrease in phenanthrene, anthracene, pyrene and fluoranthene concentrations, during the
54-day maturation period. A further 35-80% decrease in PAH concentration was
13

observed after 154 days. The absence of any volatile PAHs in the outgoing air indicated
that the removal of PAHs during composting was either due to microflora metabolism or
irreversible adsorption to the compost (39).
Biopiling is an ex situ bioremediation technique which is less cost effective than
in situ treatment but can be better monitored and controlled. The process involves mixing
of excavated soil with soil amendments which are then formed into compost piles and
then enclosed for treatment. A typical system includes a treatment bed, an
irrigation/nutrient system, an aeration system and a leachate collection system. Soil
parameters such as moisture content, pH, heat, oxygen and nutrients can be controlled to
stimulate biodegradation. The piles can be approximately 6 m high (9). A 100 m3 biopile
was used to treat the soil of a coastal Mexican refinery heavily contaminated with PAHs.
Phenanthrene,

naphthalene,

anthracene,

acenaphthene,

fluorene,

pyrene,

benzo(k)flouranthene and B(a)P were found in different concentrations at the site. The
initial total PAH concentration was 13.07 mg/kg. Approximately 82% PAH degradation
was achieved over a one year period (23).
Rothermich et al. (38) demonstrated the potential to enhance PAH biodegradation
by addition of sulfate to sediments from a brackish water area that was depleted of
sulfate. Gypsum was used to provide 25 mM of sulfate in the pore water. Addition of
sulfate led to 90% depletion of naphthalene within 90 days. Unamended sediment did not
show any significant decline in naphthalene concentration, which demonstrated that
naphthalene degradation was due to sulfate addition (38). Of all of the terminal electron
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acceptors that may be added to enhance biodegradation, sulfate has several advantages,
including low toxicity, high solubility, and low cost.
Bioaugmentation with a Mycobacterium sp. that is known to degrade pyrene was
used to treat soil from a coal gasification plant (18). Pyrene mineralization increased to
55% within 2 days, compared to 1% pyrene mineralization for the indigenous population.
This indicated that mineralization of pyrene can be significantly enhanced by
bioaugmentation with an appropriate type of culture.

Furthermore, three different

concentrations of cells (107 CFU/g, 5 x 107 CFU/g and 108 CFU/g ) used for
bioaugmentation showed 55%, 62% and 58% pyrene mineralization over a 14 day period.
This suggested cell concentrations above 107 CFU/g provided no increase in removal
efficiency. Results also showed that soils with a higher total organic carbon content
exhibited lower mineralization levels, which was attributed to a lack of bioavailability
due to adsorption (18-20).
In summary, bioremediation techniques such as land farming and composting are
relatively easy to implement and cost effective. Fouling of well screens (with microbial
growth and metal precipitates) and mounding are major drawbacks when using in situ air
sparging to aerate groundwater. In addition, air sparging is more expensive compared to
land farming and composting. Biopiles have been effective in large scale remediation of
heavily contaminated PAH sites. Biostimulation with the required TEA can enhance
bioremediation to a great extent. However, major considerations include the toxicity of
the TEA and its cost, which makes use of sulfate advantageous.
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However, the

applicability of sulfate addition to freshwater environments is not well understood.
Bioaugmentation has seen limited application so far for aerobic biodegradation of PAHs.
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CHAPTER 2
RESEARCH OBJECTIVES
A former tar plant site in the southeastern U.S. is one of hundreds across the
country that is contaminated with PAHs.

As with most sites, monitored natural

attenuation is a preferred remedy, assuming it can be shown that the PAHs are
undergoing biodegradation.

Field data from the site suggest that the contaminated

groundwater is stable, i.e., the PAHs are not migrating. However, the field data are not
sufficiently conclusive to warrant monitored natural attenuation as a remedy. In such
cases, laboratory studies may be conducted to fill in gaps left by the field data (44). The
focus of this thesis was to evaluate PAH biodegradation in samples taken from the site
using microcosms, under the following conditions:
1) Aerobic, to simulate the rate and extent of biodegradation assuming that
delivery of oxygen to the subsurface is feasible;
2) Anaerobic, to simulate in situ conditions; and
3) Enhanced anaerobic, via addition of sulfate.
The intent of the study was to evaluate biodegradation of all of the PAHs present
in fractured rock and groundwater taken from two locations:

one that is heavily

contaminated with PAHs (i.e., 7.5 mg/L concentrations in the groundwater) and the other
that is less contaminated (i.e., less than approximately 1 mg/L in the groundwater).
However, since naphthalene is present at considerably higher levels than the other PAHs,
its fate was evaluated in more depth via the use of [14C]naphthalene. This permitted an
analysis of the naphthalene biodegradation products, including CO2. In the event that
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extensive biodegradation of naphthalene was observed, it might justify further evaluation
of the other PAHs using 14C-labeled compounds (which happen to be considerably more
costly).
In summary, the specific objectives of this research were:
1)

To evaluate the potential for aerobic and anaerobic biodegradation of PAHs at the
industrial site using microcosms prepared with crushed carbonate bedrock and
groundwater. Samples from two locations were tested; one in the vicinity of a
higher level of contamination (location 1) and another in the vicinity of a lower level
of contamination (location 2);

2)

To determine the distribution of products formed during biodegradation of
[14C]naphthalene, including 14CO2 and 14C-labeled soluble metabolites; and

3)

To evaluate the potential of sulfate to enhance in situ anaerobic biodegradation of
naphthalene for location 1.
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CHAPTER 3
MATERIALS AND METHODS
3.1 Chemicals and Radioisotopes
A standard mixture of PAHs designed for use with EPA method 610 was obtained
from Supelco (catalog #48743). Table 3.1 lists the compounds present and their
concentrations dissolved in 1:1 methanol:methylene chloride.

Standards for the

following individual PAHs were obtained from Ultra Scientific:

naphthalene (5000

µg/mL in methanol); acenaphthene (5000 µg/mL in methanol); fluorene (5000 µg/mL in
methanol); phenanthrene (5000 µg/mL in methanol); benzo(a)anthracene (1000 µg/mL in
methanol);

benzo(a)pyrene

(100

µg/mL

in

methylene

chloride);

and

benzo(k)fluoranthene (100 µg/mL in methylene chloride). Acetonitrile (99.90%) was
obtained from JT Baker, methylene chloride (99.90%) from Burdick & Jackson, and
methanol (HPLC grade, 99.90%) from Fisher Scientific. All other chemicals used were
reagent grade, unless otherwise noted.
Uniformly labeled [14C]naphthalene (100 µCi) was obtained from Sigma
Radiochemicals with a specific activity of 31.3 mCi/mmol. The [14C]naphthalene came
dissolved in 100 µL of methanol. The stock was diluted to 220 µL by adding 120 µL of
methanol; the reason for doing so is described in section 3.4.1.
3.2 Groundwater and Rock Core Samples
Groundwater samples were taken on December 7, 2006 from wells MW-42 and
MW-45 and shipped by overnight carrier to Clemson University’s Department of

19

Environmental Engineering and Earth Sciences. The groundwater was collected in 1 liter
brown glass bottles. It was stored at 4°C until the microcosms were prepared.
Two sets of rock core samples were delivered to Clemson University’s
Department of Environmental Engineering and Earth Sciences. One set (labeled MW-45
and obtained from the more highly contaminated area of the site, location 1) consisted of
10 cores, each 6.35 cm in diameter and approximately 30 cm long, totaling approximately
26.6 kg. These cores were drilled on August 9, 2006. Five of the cores were delivered in
one cooler and five in a second cooler. The cores extended from 194.2 to 199.2 ft in the
first cooler and from 199.2 to 204.2 ft in the second cooler. Both coolers had a very
strong odor of naphthalene when the lid was opened, even after storage at 4°C.
The second set of cores (labeled CH-10 and obtained from the less contaminated
area of the site, location 2) had the same diameter but the lengths were variable,
apparently due to breakage. The total mass received was approximately 25.4 kg. These
cores were drilled on July 26, 2006 and extended from 174 to 184 ft. These cores did not
have a strong odor associated with them when the lid of the cooler was opened.
3.3 Crushing and Analysis of Core Samples
For the MW-45 samples, one core from each cooler was selected at random for
crushing. An approximately equal mass of CH-10 cores was selected at random from its
cooler.

The cores were crushed at the Environmental Engineering and Science

Department in open air using a manual hydraulic press (20 Ton Bottle Jack, model # 20
D). The cores were placed in a metal box (40.64 cm long, 22.61 cm wide, and 6.35 cm
deep). Pieces of core were placed under the piston and pressure was applied until the
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core cracked. The metal box and apparatus in the vicinity of the piston were surrounded
with autoclaved aluminum foil to prevent pieces from scattering as the core was cracked.
The process was repeated with smaller pieces of core until what remained was small
enough for sieving and further crushing with a mortar and pestle (see below), as needed.
A face shield was worn at all times for safety purposes. Approximately 1 kg of crushed
material was transferred to a plastic container.
The crushed material was passed successively through 4 mm (number 5), 1 mm
(number 18), and 0.850 mm (number 20) sieves (autoclaved), by shaking for
approximately 20 minutes on a mechanized sieving apparatus (Ro-Top Testing Sieve
Shaker, Model B, Tyler Combustion Engineering Inc.). Material that passed through the
0.85 mm sieve was used to prepare the microcosms. Rock that was retained on the larger
sieves was crushed using a mortar (10 cm high, 16.5 cm outer diameter, 14 cm inner
diameter) and pestle (21.5 cm long) and sieved again. This process was repeated until
approximately 0.90 kg of rock less than 0.850 mm was collected for each location. The
crushed rock was divided into two equal-size samples and placed in sealed plastic
containers. One container was stored in an anaerobic chamber (approximately 98.5% N2,
1.5% H2) for 31 days until the anaerobic microcosms were prepared; the other was stored
on the bench top for 31 days until the aerobic microcosms were prepared.
Throughout the crushing process, core material was handled aseptically. All
materials that came in contact with the rock were sterilized by autoclaving and/or wiping
the surface several times with ethanol. The crushed product was stored in sterile plastic
containers prior to microcosm preparation.
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The moisture content of the crushed rock was measured by drying samples
(approximately 50 g each) at 105oC to a constant weight. Dried samples were sent to the
Clemson University Agricultural Services Laboratory for measurement of organic matter,
soil pH, buffer pH, carbon, nitrogen, nitrate-N, phosphorus, calcium, magnesium,
sodium, potassium, zinc, iron, sulfur, manganese, aluminum, copper, and cation exchange
capacity.
3.4 Microcosm Experimental Design
Two sets of microcosms were evaluated. Set I was designed to compare the
extent of PAH biodegradation under aerobic and anaerobic conditions, for both locations.
The results from Set I for location 1 suggested that the availability of sulfate may play a
significant role in the extent of anaerobic naphthalene biodegradation.

To test this

further, Set II was prepared. The experimental design for both sets is described below.
3.4.1 Set I
Tables 3.2 and 3.3 provide a complete list of the Set I microcosms for locations 1
and 2, respectively. For each location, two types of microcosms were prepared: one type
under aerobic conditions, the other under anaerobic conditions. For each location and
redox condition, four treatments were prepared:


Live microcosms, designed to simulate in situ conditions;



Live microcosms with approximately 0.45 µCi of [14C]naphthalene added
(along with methanol, in which the [14C]naphthalene was dissolved);



Killed controls, to determine if activity observed in the live microcosms was a
consequence of biotic or abiotic processes; and
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Killed controls with approximately 0.45 µCi of [14C]naphthalene added (along
with methanol, in which the [14C]naphthalene was dissolved);

Each treatment was prepared in triplicate, yielding 12 microcosms per redox
condition per location, or a grand total of 48 microcosms.
The reason for preparing one set of microcosms with [14C]naphthalene and
another set without was as follows.

Although it is possible to purchase neat

[14C]naphthalene, the small amount needed per microcosm precluded this option; it
would not have been possible to deliver such a small quantity in a reproducible manner.
By receiving the [14C]naphthalene dissolved in methanol and diluting it approximately
two-fold with methanol, it was possible to add a reproducible amount of [14C]naphthalene
(1.0 µL) to each bottle. However, this raised the possibility that adding methanol would
interfere with the behavior of the microcosms. The amount of methanol added resulted in
an increase in the groundwater chemical oxygen demand (COD) of 11.9 mg/L. Based on
field data, the expected concentration of naphthalene in the groundwater for location 1
was 8.7 mg/L, or a COD of 26.1 mg/L.

Thus, adding methanol to deliver the

[14C]naphthalene represents a notable increase in COD relative to the naphthalene. By
preparing a companion set of microcosms without [14C]naphthalene and hence without
added methanol, it was possible to observe the effect of methanol on parameters such as
methane production, oxygen consumption, and the rate and extent of naphthalene
biodegradation.

Furthermore, having a set of microcosms without [14C]naphthalene

added meant that these could be monitored for a longer period of time, since analyzing
the distribution of 14C required sacrificing the contents of the microcosms.
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The format used to name the microcosms was: X – Y – Z – W - #, where


X=
o L1 for location 1, corresponding to MW-45 core and groundwater, which
is a part of the site with a high level of contamination;
o L2 for location 2, corresponding to CH-10 core and MW-42 groundwater,
which is a part of the site with a low level of contamination.



Y=
o AE for aerobic redox conditions (prepared on the bench top with room air
in the headspace);
o AN for anaerobic redox conditions (prepared in the anaerobic chamber
with no oxygen present and approximately 98.5% N2 and 1.5% H2 in the
headspace);



Z=
o LV for live microcosms;
o KC for killed controls (the methods used to inhibit biological activity are
described below);



W=
o

14

C, for microcosms that received [14C]naphthalene dissolved in methanol;

o no entry for microcosms that did not receive [14C]naphthalene; and


# = replicate number 1, 2, or 3.
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3.4.2 Set II
Set II microcosms were prepared to evaluate the effect of sulfate on anaerobic
biodegradation of naphthalene for location 1. Further testing with samples from location
2 was not warranted due to a lack of anaerobic biodegradation activity.

Table 3.4

provides a complete list of the microcosms prepared for Set II. Approximately 0.1 mL of
sodium sulfate stock solution was added, providing 88 mg/L of sulfate in the
groundwater. Six treatments were prepared:


Live microcosms with sulfate added, designed to evaluate the potential for
enhancing in situ biodegradation;



Live microcosms with sulfate and approximately 0.45 µCi of [14C]naphthalene
added (along with methanol, in which the [14C]naphthalene was dissolved);



Live microcosms with sulfate and molybdate added, in order to inhibit sulfate
reducing activity;



Live microcosms with sulfate, molybdate and approximately 0.45 µCi of
[14C]naphthalene added (along with methanol, in which the [14C]naphthalene was
dissolved);



Killed controls with sulfate added, to determine if activity observed in the live
microcosms was a consequence of biotic or abiotic processes; and



Killed controls with sulfate and approximately 0.45 µCi of [14C]naphthalene
added (along with methanol, in which the [14C]naphthalene was dissolved);

Each treatment was prepared in triplicate, yielding a grand total of 18 microcosms.
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When the Set I microcosms were prepared, approximately 60 g of crushed rock
was left over and available to use with Set II. The excess crushed rock was stored in the
anaerobic chamber for approximately 13 months. However, since this amount was not
sufficient for preparing all of the Set II microcosms, additional rock cores from location 1
(which had been stored at 4°C) were crushed and the old and new material were mixed,
in the amounts shown in Table 3.4.

Since the biological status of the rock was

inconsequential for the killed controls, those received only newly crushed rock.
The format used to name the Set II microcosms was: X – Y – Z – W - #, where


X=
o L1 for location 1, corresponding to MW-45 core and groundwater, which
is a part of the site with a high level of contamination;



Y=
o S for microcosms that received only sulfate;
o SM for microcosms that received both sulfate and molybdate;



Z=
o LV for live microcosms;
o KC for killed controls (the methods used to inhibit biological activity are
described below);



W=
o

14

C, for microcosms that received [14C]naphthalene dissolved in methanol;

o no entry for microcosms that did not receive [14C]naphthalene; and


# = replicate number 1, 2, or 3.
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3.5 Preparation of Microcosms
3.5.1 Set I
All Set I microcosms consisted of 160 mL serum bottles with 20±0.2 g of crushed
rock and 100±0.2 mL of groundwater (Table 3.2 for location 1, Table 3.3 for location 2).
They were sealed with 20-mm Teflon-faced red rubber septa and aluminum crimp caps.
The average initial pH of the microcosms was 10.0. The 20 g of crushed rock occupied a
volume of 8.5 mL (based on displacement).

Consequently, the gas volume in the

microcosms was 51.5 mL. Aseptic techniques were used during preparation of the
microcosms.
Anaerobic microcosms were prepared in an anaerobic chamber (Coy
Laboratories) containing an atmosphere of approximately 98.5% N2 and 1.5% H2.
Resazurin was added (1 mg/L) to the groundwater to serve as a redox indicator; it turns
from pink to clear when the Eh decreases below approximately -110 mV. Glutaraldehyde
was added to the killed controls to chemically stop microbial activity, using a dose of 5%
(w/w) of the crushed rock (i.e., 1 g/bottle) (38).

The resulting aqueous phase

concentration was 10 g/L. Autoclaving was not used to stop microbial activity based on
concerns that high temperature and pressure might degrade the PAHs.
Aerobic microcosms were prepared on the bench top, so the headspace contained
21% oxygen, providing an initial dissolved oxygen concentration of approximately 8
mg/L. Sodium azide was added to the killed controls to chemically stop biotic activity,
using a dose of 2% (w/w) of the crushed rock (i.e., 0.4 g/bottle) (41); the resulting
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aqueous concentration was 4 g/L. Autoclaving was not used to stop microbial activity
based on concerns that high temperature and pressure might degrade the PAHs.
After preparing the microcosms, one half received [14C]naphthalene by adding 1
µL of the stock solution. These microcosms were shaken vigorously and then an aqueous
phase sample (0.5 mL) was removed and added to liquid scintillation cocktail (LSC) to
count the initial amount of 14C added based on the disintegrations per minute (dpm). The
target amount of [14C]naphthalene added was 1x106 dpm (equivalent to 0.45 µCi) per
bottle.
3.5.2 Set II
The same procedures used to prepare the anaerobic Set I microcosms for location
1 were used for Set II. The same groundwater was used. As mentioned above, the live
bottles received a mixture of crushed rock that was left over from Set I (5 g/bottle) and
some newly crushed cores (15 g/bottle) that had been stored at 4°C (Table 3.4).
The 20 g of crushed rock occupied a volume of 8.5 mL (based on displacement).
Consequently, the gas volume in the microcosms was 51.5 mL. The microcosms were
prepared in an anaerobic chamber (Coy Laboratories) containing an atmosphere of
approximately 98.5% N2 and 1.5% H2.
Sulfate was added (88 mg/L) in the form of a sodium sulfate stock solution (0.1
mL of 130 g/L). Molybdate was added (0.5 g/bottle) to the six killed controls and to six
of the live bottles to inhibit sulfate-reducing activity (38). The average initial pH of the
Set II microcosms was 7.5. After preparing the Set II microcosms, one half received
[14C]naphthalene in the same manner as Set I.
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3.6 Analysis of PAHs
PAH concentrations were determined only for the aqueous phase. Although it is
possible, and even likely, that some of the PAHs in the microcosms were adsorbed to the
crushed rock, the focus on the aqueous phase was based on concern for migration of the
contaminants in site groundwater. For this reason, sample preparation involved filtration,
without solvent extraction. Details on sample preparation are given later in this section.
PAHs were analyzed by high performance liquid chromatography (HPLC) using a
Dionex system equipped with an Ultimate 3000 gradient pumping system, autoinjector,
and photodiode array detector. PAHs were separated on two types of columns. The
programs used for each are described below.
3.6.1 Analysis of PAHs Using the Eclipse Column
PAHs were initially analyzed using an Agilent Technologies Eclipse PAH column
(4.6 x 150 mm, 5.0 µm). The mobile phase was delivered at 2.0 mL/min and consisted of
40% acetonitrile and 60% water for 0.66 min, followed by a gradient to 100% acetonitrile
over the period 0.66-40 min, holding at 100% acetonitrile for the period of 40-50 min,
returning to 40% acetonitrile for the period of 50-55 min, and held at 40% acetonitrile for
the period of 55-60 min. A sample volume of 5.0 µL was used. PAHs were detected at
220 nm, 4 nm band width, with the reference off and a response time of 0.1 sec. The
column was operated at room temperature (approximately 23°C). The initial column
pressure was 100 bar. At this point in time, only the ultraviolet (UV) detector was in use;
a method for the fluorescence detector (FD) had not yet been developed. Appendix A.1
lists the complete program used with the Dionex system for the Eclipse column.
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3.6.2 Analysis of PAHs Using the Zorbax Eclipse Column
After several months of use, the Eclipse PAH column became contaminated and
could not be recovered, even after extensive backwashing. It was replaced with an
Agilent Technologies Zorbax Eclipse PAH analytical column (4.6 x 150 mm, 5.0 µm)
and a Zorbax Eclipse PAH guard column (4.6 x 12.5 mm, 5.0 µm). The mobile phase for
this column was delivered at 2.0 mL/min and consisted of 40% acetonitrile and 60%
water for 0.66 min, followed by a gradient to 100% acetonitrile over the period of 0.6620 min, holding at 100% acetonitrile for the period of 20-25 min, returning to 40%
acetonitrile for the period of 25-30 min, and held at 40% acetonitrile for the period of 3035 min. A sample volume of 5.0 µL was used. The column was operated at room
temperature (approximately 23°C). The initial column pressure was 110 bar. Appendix
A.2 lists the complete program used with the Dionex system for the Zorbax Ecliplise
column.
With the Zorbax Eclipse column, a method was developed to measure PAHs on
both the UV and a FD. The FD, which has a lower detection limit than UV, was used to
quantify PAHs that were not detectable with UV. The UV detector was set at 220 nm, 1
nm band width, with the reference off and a response time of 0.1 sec. The FD settings
were modified based on the method reported by Knightes (28).

The excitation

wavelength was set to 223 nm and emission wavelength at 332 nm, with medium
sensitivity and a gain of 14.0. Eight minutes into the HPLC run, the UV wavelength was
increased to 249 nm and the excitation and emission wavelengths were increased to 275
nm and 350 nm, respectively. Twelve minutes into the HPLC run, the excitation
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wavelength was changed to 290 nm and the emission wavelength to 430 nm (Appendix
A.2).
3.6.3 Sample Preparation and Quantification
Samples for HPLC analysis were prepared by removing 1.0 mL of settled liquid
from the microcosms and passing the sample through a 0.1-µm Anotop 10 filter
(Whatman), which reportedly does not alter the PAH concentrations (29). The first 0.5
mL of filtrate was discharged to waste and the remaining 0.5 mL was placed in a 2.0 mL
HPLC glass sample vial, sealed with an ivory PTFE red rubber septum. If the time
between sampling and analysis was longer than approximately 24 h, the vials were stored
at 4°C.
Quantification was performed using external standards, prepared by dissolving the
EPA 610PAH mixture and individual PAHs in distilled deionized water or acetonitrile.
The maximum concentration used for a standard was approximately 75% of the expected
aqueous phase concentration for the PAH (Table 3.1).

Standard curves used to

determine response factors and detection limits are presented in Appendix A for both
HPLC columns and both detectors (Table A.1 and Figure A.1). Using the UV detector
with the Eclipse column, only naphthalene was detectable with an adequate level of
resolution and for both locations. Using the UV detector and FD with the Zorbax Eclipse
column, the following additional PAHs were detected:

acenaphthene, fluorene and

phenanthrene. Representative chromatograms using the Zorbax Eclipse column with the
UV and FD are shown in Appendix A (Figure A.2 and Figure A.3).
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The range of concentrations used for standards to determine response factors for
acenaphthene, fluorene and phenanthrene were similar, i.e., approximately 40-500 µg/L.
Corresponding peak areas for acenaphthene and phenanthrene were similar and led to
similar response factors. For example, the response factors determined in October 2007
were 5.332 µg/L/(peak area unit) for acenaphthene and 2.507-2.601 µg/L/(peak area unit)
for phenanthrene. It was therefore expected that the response factor for fluorene would
be similar, but it was not; in October 2007, the fluorene response factor was 84.6
µg/L/(peak area unit). This particular set of response factors were especially important
because they were used to determine the initial concentrations of acenaphthene, fluorene
and phenanthrene in the groundwater from locations 1 and 2.
3.7 Analysis of Methane and Oxygen
Methane was analyzed by gas chromatography (GC) analysis of 0.5 mL
headspace samples, as previously described (15). A Hewlett Packard 5890 Series II GC
was used, equipped with a flame ionization detector and a 2.44-m by 3.175-mm column
packed with 1% SP-1000 on 60/80 Carbopack B (Supelco). A GC response factor was
measured to relate the total amount of methane present in a standard to the GC peak area
obtained from a 0.5 mL headspace injection (17). The standard curve used to determine
the response factor is presented in Appendix A (Table A.3 and Figure A.4).
Oxygen was analyzed by gas chromatographic analysis of 0.1 mL headspace
samples. A Hewlett Packard 5890 Series II GC was used, equipped with a thermal
conductivity detector set at low sensitivity. The GC was equipped with a Molecular
Sieve 5A column (3.175 mm x 1.829 m, Alltech). The oven was held at 70oC and the
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injector and detector at 120oC. Helium served as both the reference (30 mL/min) and
carrier gas (30 mL/min). Triplicate room air samples (0.1 mL) were used to develop a
response factor (i.e., percent oxygen per GC peak area unit). It was assumed that the
detector response was linear over the range tested (i.e., 0-21% O2). The sample peak area
was multiplied by the response factor to determine the percent oxygen in the headspace
of the bottles.

The response factors for oxygen are presented in Appendix A (Table

A.2).
3.8

14

C Distribution Analysis

As mentioned in section 3.5.1, the total amount of [14C]naphthalene added to the
microcosms was determined within 36 hours of preparing them, by counting a sample
(0.5 mL) of the liquid in 10 mL of LSC. The total amount of 14C present was calculated
as follows:
14

Ctot = (14Cl/0.5)*Vl

(3.1)

where 14Ctot = total dpm per bottle; 14Cl = dpm per 0.5 mL liquid sample; and Vl = volume
of the liquid phase in the serum bottle (100 mL). It was assumed at the time that none of
the [14C]naphthalene had partitioned to the headspace or crushed rock.
Just prior to sacrificing the microcosms to determine the distribution of
total amount of

14

14

C, the

C activity remaining after incubation was determined by counting a

sample of the headspace (0.5 mL) and the slurry (i.e., groundwater + crushed rock; 1.0
mL) in 10 mL LSC. Slurry samples were removed using an Eppendorf® pipet (500-5000
µL, PhysioCare Concept). After adding the headspace sample to LSC, 0.75 mL of 10 M
NaOH was added to ensure that any CO2 in the gas phase was dissolved. Loss of
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volatiles was minimized by injecting samples through a Teflon-lined rubber septum
placed beneath the scintillation vial's cap, containing a 3-mm hole. The scintillation vials
were counted after storing them overnight in the dark. The total amount of

14

C present

was calculated as follows:
14

Ctot = (14Cg/0.5)Vg+(14Cl)Vl

where

14

Ctot = total dpm per bottle;

14

(3.2)

Cg = dpm per 0.5 mL headspace sample; Vg =

volume of gas phase in the serum bottle (51.5 mL); 14Cl = dpm per 1.0 mL slurry sample;
and Vl = volume of the slurry phase in the serum bottle (100 mL groundwater + 8.5 mL
crushed rock = 108.5 mL).
After determining the amount of

14

C remaining, the next step for the anaerobic

microcosms was to evaluate the headspace for

14

CH4 and any other potential volatiles.

Headspace analysis for the aerobic treatments was unnecessary since the only volatile
expected was

14

CO2, measurement of which is described below. The presence of

14

C-

labeled compounds in the gas phase was determined by analysis of headspace samples
(0.5 mL, using a 1.0 mL Pressure Lok syringe), using a GC/combustion technique, as
previously described (15). For analysis of 14CH4, samples were injected onto a stainless
steel column (3.175 mm x 3.048 m) packed with Carbosieve SII (Supelco, Inc.). The
column temperature was held at 150°C. Nitrogen was used as the carrier gas at 30
mL/min. The column effluent was routed through a 4-port valve located in the GC oven
to a quartz glass column (i.e., rather than the flame ionization detector) located outside
the oven. The glass column (6.55 mm inside diameter x 381 mm) was filled with copper
oxide coated alumna beads (13 wt% on alumina, -14 +20 mesh, Sigma Aldrich) and
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housed in a tube furnace (21100 Tube Furnace, Thermolyne) held at 800°C.

As

compounds passed through the tube furnace, they were oxidized to CO2. The gas eluting
from the tube furnace was passed through a needle, which bubbled through 3 mL of 0.5
M NaOH in a 10 mL glass test tube (in order to trap the CO2). Different test tubes were
used corresponding to each trapping interval.

The trapping intervals and corresponding

compounds were: 2.0-3.9 min for carbon monoxide; 3.9-6 min for methane; and 7.5-10
for CO2. The contents of the test tubes were transferred to liquid scintillation vials
containing 10 mL of LSC and then evaluated for 14C activity.
The total amount of

14

C activity in a serum bottle attributable to a volatile

compound (M) was calculated as follows:
M = Cg(Vg + Vl•Hc)
where Cg =

14

(3.3)

C activity in for a specific compound measured off of the Carbosieve

column (dpm/mL); Vg = volume of the headspace in the bottle (51.5 mL); Vl = volume of
the liquid in the bottle (108.5 mL); and Hc = Henry's constant (dimensionless) at 23°C
(42).
After analysis of the headspace was completed, the next step was to add 0.75 mL
of 10.0 M NaOH to a serum bottle to raise the pH above 10.0 and thereby drive any
14

CO2 in the headspace into the liquid phase. The pH was analyzed using pH strips

(Whatman). The serum bottle was then shaken vigorously to homogenize the liquid and
sediment, the septum was removed, and a wide bore pipette was used to transfer a 10 mL
sample to a 30 mL test tube (referred to as the “stripping chamber”).

The stripping

chamber was connected by latex tubing to another 30 mL glass test tube (referred to as
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the “trapping chamber”) that contained 10 mL of 2.0 M NaOH. The test tubes were
sealed with rubber stoppers through which the tubing passed. The “stripping chamber”
had a 3-mm hole in the side, below the level of the added slurry, which was sealed with a
gray butyl rubber septum held in place with a hose clamp that encircled the test tube. To
initiate the analysis, N2 was bubbled through the stripping chamber and into the trapping
chamber. The contents of the stripping chamber were acidified by injecting 2.0 mL of
concentrated HCl (36.5-38%) through the septum, lowering the pH to less than 2.0. This
allowed for transfer of the carbonates (converted to CO2) to the second test tube, where
they were trapped in the NaOH solution. Purging with N2 continued for 30 min. Liquid
samples (approximately 20 µL) were taken from the striping chamber every 10 minutes
to make sure that the pH remained below 2.0 throughout the process (using pH strips, 0-6
pH range). The liquid in the trapping chamber was used to determine the amount of
14

CO2 formation. The slurry left in the stripping chamber was used to determine the

nonvolatile compounds that remained after acid sparging, referred to as nonstrippable
residue (NSR).
The percentage of

14

C in a serum bottle attributable to

14

CO2 was calculated as

follows:
%14CO2 = ((A)(10/2)(108.5/10))/To  100

(3.4)

where A = dpm per 2 mL from the trapping chamber; (10/2) is the conversion from
counting 2 mL in the trapping chamber to the total amount of liquid in the trapping
chamber (10 mL); 108.5/10 is the conversion from total amount of liquid in the trapping
chamber (10 mL) to the total amount of slurry in the microcosm (i.e., 100 mL
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groundwater + 8.5 mL crushed rock = 108.5 mL); and To = total dpm present in a
microcosm at time zero (determined by equation 3.1).
In order to confirm that

14

C activity in the trapping chamber corresponded to

14

CO2, the remaining liquid from the trapping chamber (8 mL) was transferred to a plastic

centrifuge tube (40 mL), barium hydroxide (6.0 g) was added, and the contents were
vigorously mixed on a vortex shaker for at least 60 min. The slurry was then centrifuged
(26,600 RCF for 30 min; SORVALL® Evolution™ RC superspeed centrifuge) to separate
the precipitate (presumptively containing barium carbonate), and 2.0 mL of the centrate
was counted. For the live aerobic microcosms, the results will show that
the centrate was consistently less than 0.5% of the total
samples in which

14

14

14

C activity in

C in the trapping chamber for

CO2 comprised at least 30% of the total

14

C in a microcosm. This

result confirmed that nearly all of the activity in the trapping chamber was attributable to
14

CO2, based on its precipitation with barium.
The percentage of 14C attributable to [14C]NSR was calculated as follows:
%[14C]NSR = ((B)(12/2)(108.5/10))/To  100

(3.5)

where B = dpm per 2 mL from the stripping chamber; (12/2) is the conversion from
counting 2 mL in the stripping chamber to the total amount of liquid in the stripping
chamber (10 mL slurry + 2 mL of HCl); 108.5/10 is the conversion from the total amount
of slurry in the stripping chamber (10 mL) to the total amount of slurry in the microcosm
(i.e., 100 mL groundwater + 8.5 mL crushed rock = 108.5 mL); and To = total dpm
present in a microcosm at time zero (determined by equation 3.1).
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The total NSR was separated into soluble and particulate (or adsorbed) fractions
by centrifugation (26,600 RCF for 10 min; SORVALL® Evolution™ RC superspeed
centrifuge).
In several of the anaerobic bottles, the amount of

14

C recovered as soluble NSR

was sufficiently high to warrant further analysis to determine if organic acids were
present. The composition of the soluble [14C]NSR was evaluated using a Waters HPLC
equipped with an Aminex HPX-87H ion exclusion column (300 mm x 7.8 mm). The
eluent was 0.01 N H2SO4 pumped at 0.6 mL/min at room temperature. Samples (200 μL)
were injected on the HPLC and the eluent from the column was manually collected in 1-5
minute intervals from the outlet tubing exiting the UV/Vis detector. Each collected
fraction was added to 10 mL of LSC and analyzed for

14

C activity. Percent recoveries

were calculated by summing the dpm in each fraction and dividing by the dpm of the
concentrated soluble [14C]NSR injected on the HPLC.
The percentage of physical losses of

14

C (primarily due to diffusion and

adsorption) was calculated as follows:
%Loss = (To - Tf)/To  100

(3.6)

where Tf = total dpm present in a microcosm at the time of final 14C analysis (determined
by equation 3.2).
The percentage of 14C that was present in a serum bottle at the time of analysis but
could not be assigned to

14

CO2 or [14C]NSR was designated as “unaccounted for

14

C”

(UAF), which was calculated as follows:
%UAF 14C = (Tf – CO2 – NSR)/To  100
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(3.7)

where CO2 is the numerator in equation 3.4 and NSR is the numerator in equation 3.5
(both in dpm per bottle).
In addition to evaluating the distribution of 14C in the microcosms, a water control
(WC) was prepared by adding 100 mL of distilled deionized water to a serum bottle
along with the same quantity (1 µL) of [14C]naphthalene stock solution. Unlabeled
naphthalene (dissolved in methanol) was also added to achieve an initial concentration of
7.5 mg/L, which was the same amount that was present in the Set I, location 1
microcosms. The WC was allowed to incubate overnight on a shaker table. Three sets
(10 mL each) of liquid were taken from the WC to carry out three separate

14

C

distribution tests, in the same manner as was done for the microcosms. The total NSR in
the stripping chamber consisted of only soluble NSR and therefore did not need to be
centrifuged after the purging process.
14C

activity was measured with a Wallac 1415 Liquid Scintillation Counter.

Corrections for counting efficiency were made according to a quench curve (sample H#
versus efficiency).
3.9 Analysis of Chloride, Nitrate and Sulfate
Chloride, nitrate and sulfate were measured on a Dionex AS50 ion
chromatography system, consisting of an autosampler (model #AS50), pumping system
(model #GP50 Gradient Pump), and detector (model #CD25 Conductivity detector).
Samples were injected through a sample loop (25 µL) onto a Dionex guard column
(AG9-HC, 4 mm x 50 mm), followed by an IonPac® AS9-HC anion-exchange column (4
mm x 250 mm). Eluant (9 mM Na2CO3) was delivered at 1.0 mL per min. Calibration
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standards ranged from 1 to 40 mg/L. Standard curves used to determine the response
factor for chloride, nitrate and sulfate are shown in Appendix A (Table A.4 and Figure
A.5).
Midway through the project it became necessary to switch to a different anion
exchange column.

A Dionex AS15, (4 mm x 250 mm) and a guard column (AG15, 4

mm x 50 mm) were purchased on day 458, to replace the contaminated columns. Eluant
(38 mM NaOH) was delivered at 1.2 ml per min.
Samples for IC analysis were prepared by removing 1.0 mL of settled liquid from
the microcosms and passing the sample through a 0.1-µm Anotop 10 filter (Whatman).
The first 0.5 mL of filtrate was discharged to waste and the remaining 0.5 mL was placed
in a 2.0 mL HPLC glass sample vial and sealed with an ivory PTFE red rubber septum.
If the time between sampling and analysis was longer than approximately 24 h, the vials
were stored at 4°C.
3.10 Analysis of Crushed Rock Samples
The moisture content of the crushed rock was measured by drying duplicate
samples (approximately 50 g each) at 105oC to a constant weight. Dried samples were
sent to the Clemson University Agricultural Services Laboratory for measurement of
organic matter, soil pH, buffer pH, carbon, nitrogen, nitrate-N, phosphorus, calcium,
magnesium, sodium, potassium, zinc, iron, sulfur, manganese, aluminum, copper, and
cation exchange capacity.
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CHAPTER 4
RESULTS
The characteristics of the crushed rock and groundwater samples are described
first.

Set I results are then presented for oxygen consumption, methane formation,

naphthalene degradation, the distribution of 14C from naphthalene, and biodegradation of
other PAHs. The results for the aerobic microcosms are presented first followed by the
anaerobic ones, for Set I. Set II results are presented for methane formation, sulfate
consumption, and PAH biodegradation.
4.1 Characteristics of the Crushed Rock and Groundwater
Chemical properties of the crushed rock samples from location 1 (a part of the site
with a high level of contamination) and location 2 (a part of the site with a low level of
contamination) are shown in Table 4.1. For both locations, the percent organic matter
was low, consistent with expectations for carbonate rock. However, the organic carbon
was relatively high, perhaps due to the contaminants. Nitrogen and phosphorus levels
were quite low and nitrate was not detected, a factor that may be of importance in terms
of limitations on the rate of biodegradation, especially under aerobic conditions. pH
levels were alkaline. By far the highest levels of minerals were calcium and magnesium.
All other minerals were present at less than 45 ppm.
The groundwater characteristics are presented in Table 4.2.

Naphthalene

concentrations were higher than the other PAHs for both locations. The concentration of
acenaphthene and phenanthrene were also higher in location 1 versus location 2.
Fluorene was detected in both groundwater samples, with peak areas similar to those for
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acenaphthene and phenanthrene. However, due to a problem with its response factor, the
calculated fluorene concentration was considerably higher than for acenaphthene and
phenanthrene, as well as an order of magnitude above its aqueous phase solubility of 190
µg/L (Table 3.1).

Since this indicates a problem with the response factor, the

concentration of fluorene in the groundwater samples is not shown in Table 4.2.
Sulfate levels in location 2 were slightly higher than location 1. Nitrate was not
detected in the groundwater. Location 1 had higher concentrations of chloride compared
to location 2. The average pH of the groundwater for location 1 was 7.30. In contrast, the
groundwater for location 2 was relatively alkaline, with an average pH of 10.33.
4.2 Set I, Aerobic Conditions
As indicated in section 3.4 on the experimental design for the microcosms, the
first set of experiments consisted of aerobic microcosms and anaerobic microcosms. In
this section, results are presented for aerobic treatments.

Results for the anaerobic

treatments follow in section 4.3.
4.2.1 Oxygen Consumption
Oxygen consumption in Set I, location 1 microcosms is shown in Figure 4.1a.
During the first 30 days of incubation, oxygen levels decreased from 21% to
approximately 16-17% in the live treatments and then remained relatively constant
through day 72. A modest additional decrease to approximately 15-16% occurred after
that, through day 268. A further decrease to approximately 14% occurred by day 292.
Over the same incubation period of 292 days, oxygen in the controls decreased by
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approximately 2%, indicating that sodium azide was effective in shutting down aerobic
respiration.
Oxygen consumption in Set I, location 2 microcosms is shown in Figure 4.1b.
During the first 30 days of incubation, oxygen levels decreased from 21% to
approximately 17% in the live treatments and then remained relatively constant through
day 72. A modest additional decrease to approximately 14% occurred after that, through
day 292. Over the first 54 days of incubation, oxygen in the controls decreased by less
than 1%, indicating that sodium azide was effective in shutting down aerobic respiration.
Oxygen levels in the controls continued to decrease slowly, reaching approximately 17%
by day 292.
Data for the live treatment with [14C]naphthalene added stopped at day 64 and for
the killed control on day 85 because the bottles were sacrificed on those days to
determine the distribution of

14

C (see below). This explains the abbreviated lines in

Figure 4.1 for the treatments with [14C]naphthalene added.

Oxygen levels in the

treatments with and without [14C]naphthalene added were similar, suggesting that the
methanol added with the [14C]naphthalene did not exert a significant additional oxygen
demand in the live bottles.
4.2.2 Naphthalene Biodegradation
The average initial naphthalene concentration in the groundwater from location 1
was 7.50±0.46 mg/L. Data from the first sampling event at day 23 showed naphthalene
was completely biodegraded in the live aerobic microcosms, for the treatments with and
without [14C]naphthalene added (Figure 4.2a). No decrease in naphthalene occurred in
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the killed controls with [14C]naphthalene added after 78 days of incubation. The decrease
in the killed controls without [14C]naphthalene added between days 23 and 295 was
gradual and far below what occurred in the live bottles. The decrease in naphthalene in
the live bottles coincided with the large initial decrease in headspace oxygen over the first
23 days of incubation (Figure 4.1a). Likewise, the lack of activity in the killed controls is
consistent with the comparatively minor amount of oxygen consumption in these
treatments (Figure 4.1a).
Although naphthalene was consumed below detection by the first sampling point
on day 23, it was still possible to use this information to estimate a minimum value for a
first order biodegradation rate.

Using the initial concentration of 7.5 mg/L and a

detection limit of 100 µg/L on day 23, fitting a regression line to these two points (ln
C/Co versus time in days) yielded a rate of 0.19 d-1, so the actual rate was at least this
high.
The average initial naphthalene concentration in the groundwater from location 2
was 0.702±0.019 mg/L.

In the live microcosms with [14C]naphthalene added,

biodegradation was complete by day 23. It took several more weeks for naphthalene to
decrease below detection in the microcosms without [14C]naphthalene added (Figure
4.2b). During 78 days of incubation for the killed controls with [14C]naphthalene added,
there was no significant decrease in the concentration of naphthalene. The treatment
without [14C]naphthalene added was incubated longer (295 days), and over that period a
decrease in naphthalene occurred, but the extent was considerably less than in the live
bottles. The large error bars in Figure 4.2b reflect the variability among replicates at
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these lower concentrations of naphthalene. Nevertheless, the variability did not obscure
the trends, i.e., faster and complete biodegradation in the live bottles, compared to no
decline or a modest decline in the killed controls over comparable incubation periods.
The aerobic biodegradation results for location 2 provided data from three days
(0, 23 and 78) that were used to estimate a first order biodegradation rate of 0.053 d-1.
This is approximately four times lower than the rate estimated for location 2 .
4.2.3 Distribution of 14C
The 12 aerobic microcosms with [14C]naphthalene added were sacrificed to
determine the distribution of the labeled material (Table 4.3 and Figure 4.3a). The
amount of 14C remaining in the bottles after incubation was close to 100% for all of the
treatments. Modest losses of 14C activity occurred only in the live bottles for location 2.
No significant 14C activity was detected in the headspace of any of the microcosms. The
predominant product in the live treatment for location 1 was 14CO2, averaging 81%. This
high degree of mineralization is consistent with expectations for aerobic biodegradation
of most organic compounds.

[14C]NSR comprised most of the remaining activity,

approximately one half of which was associated with the soluble phase. In contrast, less
than 1% of the 14C activity in the location 1 killed controls was recovered as 14CO2. The
majority of the

14

C in the killed controls was UAF.

Although the identity of the

unaccounted fraction is not known with certainty, it appears likely that it is naphthalene,
since it is volatile enough to be purged from the stripping chamber (low pH) and would
also pass through the trapping chamber (high pH).
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For location 2,

14

CO2 was also the predominant product in the live aerobic

treatment (Table 4.3 and Figure 4.3b), although the extent of mineralization was well
below that for location 1. [14C]NSR was the second most important product. It is
unlikely that the NSR includes naphthalene, since naphthalene is probably removed
during the purging process. Regardless, the results indicate extensive mineralization for
the lower concentration aerobic microcosms. Results for the location 2 killed controls
were nearly identical to the location 1 controls, with more than 90% of the

14

C that was

added placed in the UAF category.
The majority of the 14C in the WCs was UAF, which was most likely naphthalene.
As mentioned above, naphthalene is sufficiently volatile at low and high pH that purging
with N2 for 30 min was expected to remove any residual naphthalene. To confirm this,
triplicate samples of NSR from the stripping chamber and from the NaOH trapping
chamber were analyzed by HPLC.
samples, confirming that the

Naphthalene was below detection in all of the

14

C present in the NSR was due to compounds other than

naphthalene.
14

C soluble nonstrippable residue (sNSR) was the second most important product

in the WCs (Table 4.3 and Figure 4.3a). It appears likely that the [14C]sNSR detected in
the WCs was a consequence of a soluble, non-volatile impurity present in the
[14C]naphthalene stock solution, since only the stock solution and unlabeled naphthalene
were added to the WCs. Given the supplier’s claim of radiochemical purity for the
[14C]naphthalene, this level of [14C]sNSR was surprisingly high (i.e., >5%).
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4.2.4 Biodegradation of Other PAHs
The HPLC method used, coupled to UV and fluorescence detection, allowed for
separation and measurement of PAHs in addition to naphthalene. None of the other
compounds were detected by the UV detector. All the [14C]naphthalene microcosms
were sacrificed for

14

C analysis before a method was developed using the FD to detect

other PAHs that were present at lower concentrations. Acenaphthene, fluorene and
phenanthrene were detected using the FD.
The average initial acenaphthene concentrations in the groundwater from location
1 and location 2 were 52.8±3.62 and 9.91±0.84 µg/L, respectively. Since a method for
the FD was not developed before the [14C]naphthalene aerobic microcosms were
sacrificed, acenaphthene data for these microcosms was not available. FD data from the
first sampling event on day 295 showed acenaphthene was completely biodegraded in the
live aerobic microcosms, for the location 1 treatments (Figure 4.4a). No decrease in
acenaphthene occurred in the killed controls. For the location 2 live microcosms, a
significant decrease in the acenaphthene levels was observed on day 295 days (Figure
4.4b). As with location 1, no decrease occurred in the killed controls.
The groundwater had initial average phenanthrene concentrations of 51.3±2.85
and 21.5±1.32 for location 1 and location 2, respectively. The live microcosms for
location 1 showed complete removal by day 295, compared to only a slight decrease in
the killed controls (Figure 4.5a). For the location 2 live microcosms, the majority of the
phenanthrene was biodegraded by day 295, compared to no decrease in the killed controls
over the same period (Figure 4.5b).
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Although it was not possible to quantify the initial concentration of fluorene in the
groundwater, the chromatograms revealed a peak area similar to that for acenaphthene
and phenanthrene. Analysis of the FD chromatograms from day 295 indicated that
fluorene was below detection.

Thus, regardless of the exact value for the initial

concentration, this result demonstrated that fluorene was aerobically biodegraded in the
live bottles. In the killed controls, FD peaks for fluorene were detected and were of a
size similar to those for acenaphthene and phenanthrene, suggesting that the decrease in
fluorene in the live bottles was a biotic process, as opposed to an abiotic one such as
sorption.
Other than naphthalene, acenaphthene, phenanthrene, and fluorene, all other
PAHs were below detection in the groundwater at the start of the experiment, as well as
in samples from all of the microcosms taken on day 295, so it was not possible to discern
if any biodegradation occurred. Regardless, the live microcosms clearly demonstrated
the potential for biodegradation of naphthalene, acenaphthene, phenanthrene, and
fluorene under aerobic conditions.
4.3 Set I, Anaerobic Conditions
4.3.1 Methane Production
Based on the color change in resazurin added to the anaerobic microcosms, the
redox level in all six live bottles for Set I, location 1 decreased below -110 mV by day 19,
suggesting that redox levels became conducive to methanogenesis. Methane production
in location 1 microcosms is shown in Figure 4.6a.

During the first 112 days of

incubation, there was no methane output in either the live or killed controls. Beginning
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with day 112, methane levels in the live bottles rose above the controls and continued to
increase through day 535. Output in the bottles with [14C]naphthalene added increased
above that in the live bottles without [14C]naphthalene, suggesting that the methanol that
was added along with the labeled material was being converted to methane.

The

additional methane output in microcosms with [14C]naphthalene added was
approximately 5 µmol per bottle. This equates to a COD of 3.2 mg/L, or approximately
27% of the methanol COD added (section 3.4.1).
All of the bottles with [14C]naphthalene were sacrificed on day 315 to determine
the distribution of 14C (see below). This explains the abbreviated lines in Figure 4.6 for
the treatments with [14C]naphthalene added.
Methane data for location 2 are shown in Figure 4.6b.

After 535 days of

incubation, there was no indication of methane production in the live bottles. This is
consistent with the color of the groundwater ORP indicator dye; it remained pink through
day 295, indicating that redox conditions were not conducive to methanogenesis. The
elevated redox level and lack of methane production is consistent with this location
having a lower concentration of contaminants compared to location 1.
4.3.2 Naphthalene Biodegradation
HPLC results for total naphthalene in the Set I, location 1 anaerobic microcosms
are shown in Figure 4.7a. Over the first 23 days of incubation, naphthalene levels
declined by approximately 50% in the live bottles, compared to 12% in the killed
controls. However, over the next 133 days of incubation, there was no significant further
decrease in naphthalene in the live treatments, while there was a modest decrease in the
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controls. A slight decrease in naphthalene occurred between days 156 and 295 in both
the live and killed bottles, with no further decrease through day 535.
Sulfate was monitored periodically in the location 1 microcosms, as shown in
Figure 4.8. The initial concentration in the groundwater was 4.9 mg/L. By day 370, no
sulfate remained in the live bottles (without [14C]naphthalene; these bottles had already
been sacrificed), while there was no significant decrease in the killed controls. In order
to test the hypothesis that a lack of sulfate may have limited further anaerobic
biodegradation of naphthalene, 34.4 mg/L of sulfate was added (0.1 mL of 50.28 g/L
Na2SO4 stock solution) on day 397 to the live bottles. By day 448, the average sulfate
concentration decreased to 0.4 mg/L, indicating the occurrence of sulfidogenesis in these
microcosms between days 397 and 448. On day 486, 34.4 mg/L of additional sulfate was
added to the live bottles.

Through day 535, there was no change in the average

naphthalene concentration, although the large errors indicate considerable variability in
the results. In spite of the occurrence of sulfate reduction between days 397 and 448,
there was no evidence of any improvement in naphthalene biodegradation over this
interval (Figure 4.7a).
HPLC results for total naphthalene in the location 2 anaerobic microcosms are
shown in Figure 4.7b. There is no apparent difference between the live and killed
controls for location 2 through day 295. As mentioned above, the live treatments for
location 2 had an Eh level above -110 mV (based on the resazurin color) through day 295
and did not produce any methane.
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4.3.3 Distribution of 14C
The anaerobic [14C]naphthalene microcosms were sacrificed to determine the
distribution of 14C on day 315 (Table 4.4). At this point in time, methane production had
reached a plateau in the location 1 bottles (Figure 4.6a) and there was no indication that
any further decrease in naphthalene was likely (Figure 4.7a). The amount of

14

C

remaining in the bottles after incubation was close to 100% for all of the location 1
treatments (Table 4.4).

Modest losses of

microcosms. No significant

14

C activity occurred in the location 2

14

C activity was detected in the headspace of any of the

microcosms, including methane.

14

CO2 formation was significant (20.7%) in the

triplicate live microcosms for location 1, which corresponded to the approximately one
half of the total decrease in naphthalene in this treatment (Figure 4.7a). No significant
14

CO2 accumulation occurred in the live location 2 microcosms or in either of the killed

control treatments
The majority of the

14

C in all the treatments was UAF (Table 4.4). It appears

likely that the UAF is naphthalene, since it is volatile enough to be purged from the
stripping chamber (low pH) and also passes through the trapping chamber (high pH).
[14C]NSR was the second most important product, approximately one half of which was
associated with the soluble phase (Table 4.4 and Figure 4.3b). However, for the location
1 live treatment, more than half of the [14C]NSR was associated with the soluble phase.
It is unlikely that the NSR includes naphthalene, since naphthalene is removed during the
purging process. The NSR was also analyzed for short-chain organic acids on the HPLC
using an Aminex column, although none were detected. Longer chain organic acids that
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may result from fermentation of naphthalene are too large to pass through the Aminex
column.
The majority of the 14C in the WCs was UAF (Table 4.4 and Figure 4.3b), which
was probably naphthalene, as described above. [14C]sNSR was the second most important
product in the WCs. Speculation on the origin of [14C]sNSR in the WCs is provided in
section 4.2.3.
4.3.4 Biodegradation of Other PAHs
Acenaphthene and phenanthrene were detected using the FD, which provides a
higher level of sensitivity than the UV detector. There was no decrease in acenaphthene
in any of the live anaerobic microcosms or killed controls for location 1, following an
incubation period of 295 days (Figure 4.9a). A decrease of approximately 23% in the
acenaphthene was observed in the location 2 live microcosms over the same time interval
(Figure 4.9b). However, the magnitude of decrease was not significant in comparison to
losses from the killed controls, suggesting that the observed decrease was abiotic.
No apparent difference was observed in the phenanthrene levels for the location 1
killed controls and live microcosms following 295 days of incubation (Figure 4.10a). For
the location 2 live bottles, a 27% decrease was observed in phenanthrene levels (Figure
4.10b). For reasons that are not clear, average losses from the killed controls were
actually higher, although overlap in the error bars suggests the differences were not
significant for the killed control with [14C]naphthalene added. Regardless, the observed
decreases for phenanthrene were driven by abiotic processes.
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Although it was not possible to quantify fluorene, the FD peak data indicated that
it too was not biodegraded anaerobically in microcosms from either location 1 or 2. Peak
areas for fluorene on day 295 in the live bottles, as well as the killed controls, were
similar in magnitude to those detected for acenaphthene and phenanthrene.
In summary, biodegradation accounted for an approximately 50% decrease in
naphthalene in the location 1 live anaerobic microcosms during the early part of the
incubation period.

What caused the degradation process to stall is not yet known.

Addition of sulfate to stimulate biodegradation was not effective, even though
sulfidogenesis was observed.

Naphthalene biodegradation was not evident in the

microcosms from location 2. Acenaphthene and phenanthrene did not undergo anaerobic
biodegradation in samples from either location, during 295 days of incubation. Although
fluorene was not quantified, a similar conclusion can be reached for this compound based
on a comparison of peak areas.
4.4 Set II
As indicated in section 3.4 on the design for the microcosms, a second set of
experiments was prepared to more fully evaluate if adding sulfate might stimulate
anaerobic biodegradation of naphthalene. The focus for Set II was on location 1, since
the results for Set I clearly showed that biodegradation occurred anaerobically with
samples from that area (albeit to a limited extent) but not at all from location 2. Results
for Set II are presented for methane formation and sulfate consumption, followed by
biodegradation of naphthalene and other PAHs.
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Although the experimental design

included the use of [14C]naphthalene, the distribution of

14

C was not evaluated due to a

lack of evidence for naphthalene biodegradation, as will be shown below.
4.4.1 Methane Production and Sulfate Consumption
Based on the color change in resazurin added to the anaerobic microcosms, the
redox level in five of the six live bottles for Set II decreased below -110 mV by day 77,
suggesting that conditions became favorable for sulfidogenesis and possibly
methanogenesis. Through 122 days of incubation, no methane production was observed
in the Set II microcosms.
Sulfate results for the Set II microcosms are shown in Figure 4.11. The expected
initial concentration was 93 mg/L, based on 4.9 mg/L in the groundwater plus addition of
88 mg/L. The measured initial concentration was somewhat lower (78 mg/L), suggesting
possible matrix interference in the measurement. A much more significant deviation in
the expected initial concentration was observed in the killed controls. After only one day
of incubation, sulfate levels averaged only 7 mg/L in these six bottles, for reasons that are
not known. One major difference between the live treatments and killed controls was the
high level of glutaraldehyde (1.8 mL) added to the killed controls, which may have
interfered with the sulfate analysis. Data from the sulfate treatments with molybdate
added were still available to demonstrate the absence of sulfate consumption.
Through day 97, there was no significant decrease in sulfate in any of the live
bottles. Between days 97 and 122, nearly all of the sulfate in the live bottles was
consumed, while there was no decrease in the live bottles with [14C]naphthalene added,
or in the treatments with molybdate added. The onset of sulfidogenesis in the live bottles
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without [14C]naphthalene added was not accompanied by a response in naphthalene
biodegradation (Figure 4.12).
4.4.2 PAH Biodegradation
Naphthalene results for the Set II anaerobic microcosms are shown in Figure 4.12.
No significant decrease occurred during 122 days of incubation, in either the live
treatments or killed controls. It remains to be seen if the onset of sulfidogenesis in the
live bottles will serve as a prelude to the onset of naphthalene biodegradation. The two
processes do not appear to be directly linked in this experiment.
Acenaphthene and phenanthrene were detected using FD. Over the incubation
period of 122 days, there was no apparent decrease in acenaphthene (Figure 4.13) or
phenanthrene (Figure 4.14) in either the live microcosms or killed controls. Although it
was not possible to quantify fluorene, the FD peak area data for this compound clearly
showed that it too did not decrease in concentration over the same time period. As with
naphthalene, the onset of sulfidogenesis in the live treatment between days 97 and 122
was not accompanied by a decrease in these other PAHs.
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CHAPTER 5
DISCUSSION
The results of this study confirmed the effectiveness of aerobic conditions for
biodegrading naphthalene, acenaphthene, phenanthrene, and fluorene in contaminated
bedrock and groundwater at an industrial site in the southeastern U.S. Given previous
reports of biodegradation of two and three ring PAHs, this was not a surprising outcome.
Under aerobic conditions, naphthalene underwent extensive and relatively rapid
biodegradation within 23 days of incubation in the live treatments for locations 1 and 2
(Figure 4.2). The decrease in oxygen in the location 1 microcosms was similar to the
oxygen demand predicted based on stoichiometric oxidation of 7.5 mg/L of naphthalene,
indicating that naphthalene was the predominant source of the oxygen demand, rather
than other PAHs or other organic compounds that were not quantified. Acenaphthene
and phenanthrene were also completely degraded in the live treatments for location 1
(Figure 4.4a-4.5a).

For the location 2 treatments, acenaphthene and phenanthrene

decreased to less than 2.5 µg/L in these treatments by day 295 (Figure 4.4b-4.5b).
Although fluorene was not quantified, FD data indicate that it too was completely
biodegraded aerobically in both the location 1 and 2 live microcosms. One characteristic
of location 2 that made the results somewhat unexpected was the high pH of the
microcosms (10.33, compared to 7.30 for location 1).

Bamforth and Singleton (5)

reported that pH levels as high as 10 were inhibitory to laboratory isolates that
biodegrade naphthalene, although cultures derived from contaminated sites with high pH
showed faster activity.
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Analysis of the distribution of

14

C in the aerobic microcosms confirmed that

mineralization was the predominant fate process for naphthalene, with a higher
percentage of

14

CO2 detected from location 1 (81%) versus 2 (45%) (Table 4.3 and

Figure 4.3a). The observed results for PAH biodegradation in this study were consistent
with other reports for aerobic biodegradation of these compounds (5, 29, 31, 32) .
However, it was interesting to see the quick response of the aerobes present in the
microcosms to the addition of oxygen, presuming that the in situ conditions at the
contaminated site have been anaerobic for many years.
A study on laboratory batch microcosms with sediments from a sandy aquifer
reported first order degradation rates of 0.4 d-1 and 0.9 d-1 for two locations 10 m apart
and 2 m below the groundwater table (35). This study observed aerobic first order
degradation rates of at least 0.19 d-1 for location 1 and 0.053 d-1 for location 2.
Considering that the location 1 rate is based on such limited data (i.e., naphthalene was
below detection by the first sampling point of day 23), it is interesting to note how close
it is to the range reported by Mueller et al. (35). Another microcosm study with a 1:3
(soil:water) ratio reported a pseudo first order rate of 1.9±0.2 d-1 for naphthalene (6),
which is almost ten times higher than the rate observed for location 1 in this study.
Nevertheless, considerable care is needed when comparing first order rates, since they do
not account for potentially large differences in environmental conditions, including
temperature, pH, and the population density of microbes responsible for the
biodegradation activity. In this study, for example, the pH of the location 2 microcosms
was 10.33, compared to 7.30 for location 1.
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From a remediation standpoint, finding an economical way to provide sufficient
oxygen to the contaminated subsurface at this industrial site will be very challenging.
The low solubility of oxygen in water is a significant concern during introduction of
oxygen into groundwater. A number of groundwater aeration techniques are available,
but each process has certain limitations associated with it.

For example, a major

drawback associated with in situ air sparging is mounding, which can lead to dispersion
of contaminants and fouling of well screens, due to either excess biomass growth or ferric
ion precipitation (21, 25). Hydrogen peroxide addition is a possibility, although it is
relatively costly and can be difficult to adequately disperse.
In situ anaerobic biological treatment would be preferred over aerobic methods
due to the high energy cost related to aeration and the low solubility of oxygen in water.
However, in this study, the microcosm results indicated that anaerobic conditions yielded
only partial biodegradation of naphthalene. The location 1 live treatments showed an
initial decrease in naphthalene by approximately 50%, followed by a stall in activity after
day 23 (Figure 4.7a). Location 2 live treatments showed no evidence of anaerobic
naphthalene biodegradation (Figure 4.7b). Furthermore, no significant anaerobic
degradation was observed with acenaphthene (Figure 4.9) , phenanthrene (Figure 4.10),
or fluorene (data not shown) for both locations, through 295 days of incubation. The
depletion of sulfate in the Set I, location 1 microcosms suggested that sulfate may be
limiting in these treatments (Figure 4.8). However, addition of sulfate (34.4 mg/L) and its
subsequent consumption did not result in any improvement in naphthalene
biodegradation. It is possible that too much time passed between when naphthalene
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biodegradation occurred (i.e., over the first 20 days) and when more sulfate was added to
these bottles.
Base on the color of resazurin added to the anaerobic microcosms, the location 1
microcosms had a redox level above -110 mV during the first 19 days of incubation.
This indicated that sulfate reducing conditions did not exist in this interval. Since the
first sample for naphthalene was not taken until day 23, it was unknown what terminal
electron accepting conditions existed in the microcosms over this time period. One
concern was the potential that oxygen was introduced with the groundwater, and
therefore the 50% naphthalene biodegradation may have occurred using oxygen as a TEA
during this interval. However, a dissolved oxygen concentration of approximately 9.75
mg/L would be required for oxidation of 50% of the initial naphthalene concentration of
7.5 mg/L.

In situ conditions at the site are anaerobic, so the possibility of the

groundwater containing 9.75 mg/L of oxygen is very low. Also, dissolved oxygen in the
groundwater would likely have been consumed when the groundwater was stored
overnight in the anaerobic chamber, prior to setting up the microcosms. If sulfate served
as the TEA for anaerobic naphthalene degradation, it would have had to serve between
days 19 and 23, when the redox level had dropped below -110 mV. Since naphthalene
data were only available on day 23 and sulfate levels were not checked until much later,
it's not possible to ascertain what role sulfate may have played during the first few weeks
of incubation. The lack of additional naphthalene degradation in response to addition of
sulfate, for both Sets I and II, suggest that sulfate was not the TEA involved. Other
possible anaerobic TEAs include iron and manganese, both of which are present in the
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rock in considerable excess of what is needed to accept electrons from naphthalene
biodegradation. However, the oxidation state of iron and manganese was not known, nor
was the bioavailability of Fe(III) and Mn(IV). Nitrate was not an option, since none was
present in the groundwater. In summary, it is not yet known what TEA was associated
with anaerobic biodegradation of naphthalene during the first 23 days of incubation in the
location 1 microcosms, nor why the process stalled after this time period. Additional
studies would have to be performed to better define which anaerobic TEA is involved,
and what action might be taken to ensure complete degradation.
While the Set I microcosms were still incubating, the Set II experiment was
started in order to more fully evaluate the potential enhancement of naphthalene
biodegradation by supplying a higher level of sulfate to the groundwater. Over an
incubation period of 122 days, sulfate reduction occurred in the live bottles without
[14C]naphthalene added (Figure 4.12) . Nevertheless, there was no evidence of PAH
biodegradation in these bottles in any of the other treatments (Figure 4.13-4.15). Since it
took several weeks longer for the Set II live microcosms to develop low redox conditions
in comparison to the Set I bottles, it is possible that a longer incubation period for these
bottles will reveal evidence of anaerobic PAH biodegradation. Further monitoring of the
Set II bottles is warranted.
Analysis of the distribution of 14C in the Set I anaerobic microcosms showed that
21% of the [14C]naphthalene was recovered as

14

CO2 in the live treatment for location 1

(Table 4.4 and Figure 4.3b), while the location 2 microcosms did not show any
significant

14

CO2 accumulation. This low degree of mineralization is consistent with
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other reports for anaerobic biodegradation of PAHs (7, 37). The majority of the 14C in all
the anaerobic treatments was UAF. As discussed in section 4.2.3, it appears likely that the
UAF is naphthalene. [14C]NSR was the second most important product, approximately
one half of which was associated with the soluble phase. However, for the location 1 live
treatment, more than half of the [14C]NSR was associated with the soluble phase.
The average total of

14

CO2 + [14C]NSR in the location 1 live treatment was

approximately 55% (Figure 4.3b).

Presumably some of this activity derived from

impurities in the stock solution, based on analysis of the

14

C distribution in the water

controls. Subtracting the average of 13% [14C]sNSR present in the water controls, the net
14

CO2 + [14C]NSR formed in the live bottles would be 42%. This is close to the 50%

decrease in naphthalene observed based on the HPLC measurements (Figure 4.7a), and
suggests that at least some of the [14C]NSR present in the live bottles was a product of
incomplete biodegradation of the [14C]naphthalene. In the location 2 live microcosms,
the total amount of [14C]NSR (12%) was not statistically different from the [14C]sNSR in
the waters controls (13%). This is in good agreement with the fact that no degradation of
naphthalene occurred in the location 2 live bottles (Figure 4.7b). It can therefore be
deduced that the NSR in the live bottles for location 2 likely came from impurities in the
[14C]naphthalene, since the same amount was present in the water controls.
Unlike previous studies, this study attempted to further characterize the large
amount of [14C]sNSR observed in the live anaerobic microcosms. Analysis of the
[14C]sNSR showed the absence of any labeled short-chain organic acids (e.g., six or
fewer carbons). Fermentation of naphthalene would initially yield longer chain organic
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acids that would not be detectable with the HPLC column used in this study. Another
challenge with characterizing the NSR was the relatively low concentration of

14

C

activity. This problem could be overcome by concentrating the NSR. Darlington et al.
(14) used lyophilization to concentrate NSR generated during abiotic transformation of
trichloroethene and cis-dichloroethene in fractured sandstone. A similar approach may
be applicable for characterizing the NSR from anaerobic transformation of naphthalene.
Most studies that use

14

C-labeled compounds accept vendor claims about the

radiochemical purity of the product. Such claims are usually based on a fairly limited
analysis, often by GC or HPLC. In this study, analysis of WCs that received only
[14C]naphthalene and unlabeled naphthalene revealed a surprisingly high amount of
[14C]sNSR (Table 4.4 and Figure 4.3b). There is clearly a need for investigators to fully
evaluate the purity of

14

C compounds used in biodegradation studies, and to incorporate

the outcome into interpretation of their results.
This study demonstrated the successful biodegradation of PAHs under aerobic
conditions, which has significant implications for how to best accomplish in situ
bioremediation at the industrial site that was the focus of this research. Biostimulation
with sulfate was attempted to facilitate anaerobic biodegradation, but there was no
evidence of any enhancement. It therefore remains unclear what limited anaerobic
biodegradation of naphthalene and the other PAHs. Without a better understanding of
how to overcome this limitation, it will not be possible to develop a strategy to enhance
anaerobic biodegradation in situ, which would likely offer a lower cost alternative to
delivering oxygen. Anaerobic biodegradation of [14C]naphthalene yielded significant
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amounts of [14C]sNSR, well above the amount delivered as an impurity in the
[14C]naphthalene stock solution.

No previous studies were found for anaerobic

conditions in which soluble, nonvolatile products from 14C-labeled PAHs were identified.
Future studies using

14

C-labeled PAHs should characterize the products formed in

addition to CO2, including soluble, nonvolatile compounds such as organic acids.
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CHAPTER 6
CONCLUSIONS
Based on the results of this research, the following conclusions were reached:
1.

Biodegradation of naphthalene, acenaphthene, phenanthrene, and fluorene was

observed under aerobic conditions for both locations 1 and 2. The first order decay rate
for naphthalene was greater than or equal to 0.19 d-1 for location 1 and approximately
0.053 d-1 for location 2. The decrease in naphthalene coincided with a decrease in the
percentage of oxygen in the headspace of the live treatments. Nevertheless, delivering
oxygen to the contaminated areas of this site would be challenging, due in part to the high
costs associated with aeration and the low solubility of oxygen.
2.

Under anaerobic conditions, naphthalene concentrations in the location 1 live

microcosms decreased over the first 23 days of incubation by approximately 50%,
followed by a stall in activity. After determining that the low level of sulfate initially
available in the groundwater had been depleted, more was added on days 397 and 486.
About one-half of the added sulfate was consumed (presumptively by reduction to
sulfide).

Nevertheless, stimulation of sulfidogenesis did not result in any further

anaerobic biodegradation of naphthalene.
3.

Analysis of the distribution of

14

C in the aerobic microcosms confirmed that

mineralization was the predominant fate process, with a higher percentage of

14

CO2

detected in the live microcosms from location 1 (81%) versus 2 (45%). The majority of
the 14C remaining in the killed controls was due to [14C]naphthalene.
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4.

In the location 1 anaerobic microcosms, approximately 21% of the

[14C]naphthalene was recovered as

14

CO2 in the live treatment, while the location 2

microcosms did not show any significant

14

CO2 accumulation. The majority of the

14

C

remaining in the killed controls was due to [14C]naphthalene. In the live anaerobic
microcosms for location 2 and in the killed controls, approximately 6-8% of the

14

C

added was identified as sNSR. Detection of similar levels of [14C]sNSR in the water
controls suggests this material may represent an impurity in the [14C]naphthalene stock
solution. [14C]sNSR in the location 1 live microcosms was higher (approximately 21%),
suggesting that at least some of this material was a product of [14C]naphthalene
biodegradation. Further work is needed to characterize the sNSR, including its abiotic
and biotic origins.
5.

A second microcosm experiment was performed to evaluate if addition of sulfate

to microcosms from the start of the incubation could improve the extent of anaerobic
biodegradation of naphthalene, phenanthrene and acenaphthene.

After 122 days of

incubation, no biodegradation activity was observed, in spite of the fact that sulfidogenic
conditions did develop. These results cast doubt on the opportunity to enhance in situ
anaerobic biodegradation of the two and three ring PAHs simply by addition of sulfate.
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TABLES
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Table 3.1. Properties and concentrations of PAHs in the EPA 610 mixture.

MW

Conc. in
EPA 610
Mixture
(µg/mL)a

Aqueous
Solubility
(µg/L)b

C10H8

128.1732

1,000

31,000

acenaphthylene

C12H8

152.1952

2,000

3,930

3

acenaphthene

C12H10

154.2110

1,000

3,470

4

fluorene

C13H10

166.2220

200

190

5

phenanthrene

C14H10

178.2330

100

1,180

6

anthracene

C14H10

178.2330

100

43.4

7

fluoranthene

C16H10

202.2550

200

265

8

pyrene

C16H10

202.2550

100

13

9

benzo(a)anthracene

C18H12

228.2928

100

14

10

chrysene

C18H12

228.2928

100

1.80

11

benzo(b)fluoranthene

C20H12

252.3148

200

1.2

12

benzo(k)fluoranthene

C20H12

252.3148

100

0.55

13

benzo(a)pyrene

C20H12

252.3148

100

3.8

14

dibenzo(a,h)anthracene

C22H14

278.3526

200

0.50

15

benzo(ghi)perylene

C22H12

276.3368

200

0.26

16

indeno(1,2,3-

C22H12

276.3368

100
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HPLC
Elution
order

Compound

Formula

1

naphthalene (NAP)

2

a
b

Obtained from cd)pyrene
Supelco (catalogue #48743). Solvent is methanol:methylene chloride.
Source: www.chemfinder.com.
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Table 3.2. Microcosms prepared for Set I, location 1.
[14C]
Type of Treatment
Aerobic:

Serum Bottle
Name
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L1-AE-LV-14C-#1
L1-AE-LV-14C-#2
Live + 14C-naphthalene
L1-AE-LV-14C-#3
Aerobic:
L1-AE-KC-14C-#1
L1-AE-KC-14C-#2
Killed Control + [14C]naphthalene L1-AE-KC-14C-#3
Aerobic:
L1-AE-LV-#1
Live
L1-AE-LV-#2
L1-AE-LV-#3
Aerobic:
L1-AE-KC-#1
Killed Control
L1-AE-KC-#2
L1-AE-KC-#3
Anaerobic:
L1-AN-LV-14C-#1
Live + [14C]naphthalene
L1-AN-LV-14C-#2
L1-AN-LV-14C-#3
Anaerobic:
L1-AN-KC-14C-#1
14
Killed Control + [ C]naphthalene L1-AN-KC-14C-#2
L1-AN-KC-14C-#3
Anaerobic:
L1-AN-LV-#1
Live
L1-AN-LV-#2
L1-AN-LV-#3
Anaerobic:
L1-AN-KC-#1
Killed Control ( 5% glutaraldehyde L1-AN-KC-#2
by weight of sediment)
L1-AN-KC-#3
TOTAL

Crushed Rock

Groundwater

20 g from MW-45
20 g from MW-45
20 g from MW-45
20 g from MW-45
20 g from MW-45
20 g from MW-45
20 g from MW-45
20 g from MW-45
20 g from MW-45
20 g from MW-45
20 g from MW-45
20 g from MW-45
20 g from MW-45
20 g from MW-45
20 g from MW-45
20 g from MW-45
20 g from MW-45
20 g from MW-45
20 g from MW-45
20 g from MW-45
20 g from MW-45
20 g from MW-45
20 g from MW-45
20 g from MW-45
480 g from MW-

100 mL from MW-45
100 mL from MW-45
100 mL from MW-45
100 mL from MW-45
100 mL from MW-45
100 mL from MW-45
100 mL from MW-45
100 mL from MW-45
100 mL from MW-45
100 mL from MW-45
100 mL from MW-45
100 mL from MW-45
100 mL from MW-45
100 mL from MW-45
100 mL from MW-45
100 mL from MW-45
100 mL from MW-45
100 mL from MW-45
100 mL from MW-45
100 mL from MW-45
100 mL from MW-45
100 mL from MW-45
100 mL from MW-45
100 mL from MW-45
2.4 L from MW-45

45

NAP

Na
Azide

Glutaraldehyde

yes
yes
yes
yes
yes
yes
no
no
no
no
no
no
yes
yes
yes
yes
yes
yes
no
no
no
no
no
no

no
no
no
0.4 g
0.4 g
0.4 g
no
no
no
0.4 g
0.4 g
0.4 g
no
no
no
no
no
no
no
no
no
no
no
no

no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
1.8 mL
1.8 mL
1.8 mL
no
no
no
1.8 mL
1.8 mL
1.8 mL

Table 3.3. Microcosms prepared for Set I, location 2.
[14C]
Type of Treatment
Aerobic:

Serum Bottle
Name
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L2-AE-LV-14C-#1
L2-AE-LV-14C-#2
Live + 14C-naphthalene
L2-AE-LV-14C-#3
Aerobic:
L2-AE-KC-14C-#1
L2-AE-KC-14C-#2
Killed Control + [14C]naphthalene L2-AE-KC-14C-#3
Aerobic:
L2-AE-LV-#1
Live
L2-AE-LV-#2
L2-AE-LV-#3
Aerobic:
L2-AE-KC-#1
Killed Control
L2-AE-KC-#2
L2-AE-KC-#3
Anaerobic:
L2-AN-LV-14C-#1
Live + [14C]naphthalene
L2-AN-LV-14C-#2
L2-AN-LV-14C-#3
Anaerobic:
L2-AN-KC-14C-#1
14
Killed Control + [ C]naphthalene L2-AN-KC-14C-#2
L2-AN-KC-14C-#3
Anaerobic:
L2-AN-LV-#1
Live
L2-AN-LV-#2
L2-AN-LV-#3
Anaerobic:
L2-AN-KC-#1
Killed Control (5% glutaraldehyde L2-AN-KC-#2
weight of sediment)
L2-AN-KC-#3
by

Crushed Rock

Groundwater

20 g from CH-10
20 g from CH-10
20 g from CH-10
20 g from CH-10
20 g from CH-10
20 g from CH-10
20 g from CH-10
20 g from CH-10
20 g from CH-10
20 g from CH-10
20 g from CH-10
20 g from CH-10
20 g from CH-10
20 g from CH-10
20 g from CH-10
20 g from CH-10
20 g from CH-10
20 g from CH-10
20 g from CH-10
20 g from CH-10
20 g from CH-10
20 g from CH-10
20 g from CH-10
20 g from CH-10

100 mL from MW-42
100 mL from MW-42
100 mL from MW-42
100 mL from MW-42
100 mL from MW-42
100 mL from MW-42
100 mL from MW-42
100 mL from MW-42
100 mL from MW-42
100 mL from MW-42
100 mL from MW-42
100 mL from MW-42
100 mL from MW-42
100 mL from MW-42
100 mL from MW-42
100 mL from MW-42
100 mL from MW-42
100 mL from MW-42
100 mL from MW-42
100 mL from MW-42
100 mL from MW-42
100 mL from MW-42
100 mL from MW-42
100 mL from MW-42

NAP

Na
Azide

Glutaraldehyde

yes
yes
yes
yes
yes
yes
no
no
no
no
no
no
yes
yes
yes
yes
yes
yes
no
no
no
no
no
no

no
no
no
0.4 g
0.4 g
0.4 g
no
no
no
0.4 g
0.4 g
0.4 g
no
no
no
no
no
no
no
no
no
no
no
no

no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
1.8 mL
1.8 mL
1.8 mL
no
no
no
1.8 mL
1.8 mL
1.8 mL

Table 3.4. Microcosms prepared for Set II, location 1.
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Type
Serum
of
Bottle
Treatment
Name
Live +
L1-S-LV-14C-#1
14
[ C]naphthalene L1-S-LV-14C-#2
L1-S-LV-14C-#3
Live +
L1-SM-LV-14C-#1
14
[ C]naphthalene L1-SM-LV-14C-#2
+ Molybdate
L1-SM-LV-14C-#3
Live
L1-S-LV-#1
L1-S-LV-#2
L1-S-LV-#3
Live +
L1-SM-LV-#1
Molybdate
L1-SM-LV-#2
L1-SM-LV-#3
Killed Control + L1-S-KC-14C-#1
[14C]naphthalene L1-S-KC-14C-#2
L1-S-KC-14C-#3
Killed Control
L1-S-KC-#1
L1-S-KC-#2
L1-S-KC-#3
a

Material left over from Set I
Cores crushed for Set II
c 14
[ C]naphthelene
d
130 g/L
b

Crushed Rock (MW45)
olda
5g
5g
5g
5g
5g
5g
5g
5g
5g
5g
5g
5g
0g
0g
0g
0g
0g
0g

newb
15 g
15 g
15 g
15 g
15 g
15 g
15 g
15 g
15 g
15 g
15 g
15 g
20 g
20 g
20 g
20 g
20 g
20 g

total
20 g
20 g
20 g
20 g
20 g
20 g
20 g
20 g
20 g
20 g
20 g
20 g
20 g
20 g
20 g
20 g
20 g
20 g

Groundwater
100 mL MW-45
100 mL MW-45
100 mL MW-45
100 mL MW-45
100 mL MW-45
100 mL MW-45
100 mL MW-45
100 mL MW-45
100 mL MW-45
100 mL MW-45
100 mL MW-45
100 mL MW-45
100 mL MW-45
100 mL MW-45
100 mL MW-45
100 mL MW-45
100 mL MW-45
100 mL MW-45

[14C]NAPc
(1 µL)

Na2SO4
stockd

yes
yes
yes
yes
yes
yes
no
no
no
no
no
no
yes
yes
yes
no
no
no

0.1 mL
0.1 mL
0.1 mL
0.1 mL
0.1 mL
0.1 mL
0.1 mL
0.1 mL
0.1 mL
0.1 mL
0.1 mL
0.1 mL
0.1 mL
0.1 mL
0.1 mL
0.1 mL
0.1 mL
0.1 mL

Mo
Glutaral(20mM) dehyde
no
no
no
0.5 g
0.5 g
0.5 g
no
no
no
0.5 g
0.5 g
0.5 g
0.5 g
0.5 g
0.5 g
0.5 g
0.5 g
0.5 g

no
no
no
no
no
no
no
no
no
no
no
no
1.8 ml
1.8 ml
1.8 ml
1.8 ml
1.8 ml
1.8 ml

Table 4.1. Characteristics of the crushed rock from locations 1 (MW-45) and 2 (CH-10).
Location 1 (MW-45)
Location 2 (CH-10)
Sample
Sample
Parameter
#1
#2
Average
#1
#2
Average
Moisture (%)
16
8
12
7
9
8
Organic matter (%)
0.0
0.3
0.15
0.1
0.2
0.2
Soil pH
9.0
8.8
8.9
8.6
9.0
8.8
Buffer pH
8.1
8
8.05
8.1
8
8.05
Total Organic Carbon (%)
12.9
12.8
12.85
12.9
12.8
12.85
Nitrogen (%)
0.003
0.004
0.004
0.002 0.003
0.003
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Nitrate (ppm)
Phosphorus (ppm)
Calcium (ppm)
Magnesium (ppm)
Sodium (ppm)
Potassium (ppm)
Zinc (ppm)
Iron (ppm)
Sulfur (ppm)
Manganese (ppm)
Aluminium (ppm)
Copper (ppm)
Cation Exchange Capacity (meq/100g)

0
0.00
3,218
1,815
40.0
10.5
4.30
0.83
1.50
1.50
0.26
0.10
31.4

0
0.50
3,122
1,763
39.5
9.5
3.05
4.23
1.50
1.00
0.17
0.00
30.5

0
0.25
3,170
1,789
39.8
10.0
3.680
2.53
1.50
1.25
0.22
0.05
30.95

0
0.00
3,242
1,897
44.5
11.5
4.35
1.24
2.50
1.00
0.22
0.00
32.2

0
0.50
3,030
1,726
31.0
8.5
5.35
6.77
2.00
1.00
0.25
0.05
29.7

0.000
0.25
3,136
1,811
37.8
10.0
4.850
4.01
2.25
1.00
0.24
0.03
31.0

Table 4.2. Characteristics of the groundwater from locations 1 (MW-45) and 2 (CH-10).

Location 1
Sample
#1
#2
#3
8.25
7.40
6.84
56.7
49.7
51.8
54.4
48.7
50.8

Average
(Stdev)
7.50 (0.46)
52.8 (3.62)
51.3 (2.85)

Location 2
Sample
Average
#1
#2
#3
(Stdev)
0.72
0.70
0.68
0.70 (0.02)
10.3
10.5
8.95
9.91 (0.84)
22.7
21.7
20.1
21.5 (1.32)

5.57

5.27

4.81

5.22 (0.38)

6.22

5.68

6.61

6.17 (0.47)

b

ND
7.52

ND
7.33

ND
7.69 (0.47)

ND
3.2

ND
2.87

ND
3.06

ND
3.04 (0.16)

pH
7.30
7.28
7.31
7.30 (0.02)
10.31 10.32 10.35
Results are not reported due to a problem with quantification of fluorene (see text);
b
not detectable.

10.33 (0.02)

Parameter
Naphthalene (mg/L)
Acenaphthene (μg/L)
Fluorene (μg/L)a
Phenanthrene (μg/L)
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Sulfate (mg/L)
Nitrate (mg/L)
Chloride (mg/L)

a

ND
8.21
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Table 4.3. Distribution of 14C from [14C]naphthalene in aerobic treatments.
% of 14C
Added
% of [14C]Naphthalene
Treatment
Replicate
Still Present
CO2
sNSR
pNSR
UAF
Location 1
#1
108.8
81
9.3
9.8
0.0
#2
139.2
82.4
9.0
8.6
0.0
Live
#3
102.6
78.3
10.8
10.4
0.5
Ave (Std Dev)
116.9 (19.6)
80.6 (2.1)
9.7 (1.0)
9.6 (0.9)
0.2 (0.3)
Location 2
#1
96.9
53.8
25.9
13.8
3.4
#2
83.7
47.4
20.6
14.7
0.9
Live
#3
93.1
33.8
25.5
14.9
18.9
Ave (Std Dev)
91.2 (6.8)
45.0 (10.2) 24.0 (2.9) 14.5 (0.6)
7.7 (9.7)
Location 1
#1
102.3
0.3
5.8
6.1
87.9
#2
105.5
0.2
3.8
3.6
92.4
Killed Control
#3
103.6
0.3
4.7
3.3
91.7
Ave (Std Dev)
103.8 (1.6)
0.3 (0.0)
4.8 (1.0)
4.3 (1.5)
90.6 (2.4)
Location 2
#1
108.6
0.2
4.6
4.3
90.9
#2
105.5
0.2
4.5
1.6
93.7
Killed Control
#3
106.2
0.2
3.7
4.1
92.1
Ave (Std Dev)
106.8 (1.6)
0.2 (0.0)
4.3 (0.5)
3.3 (1.5)
92.2 (1.4)
Water Control
#1
96.9
0.1
5.0
93.9
#2
96.9
0.3
12.9
83.8
#3
96.9
0.2
20.0
76.7
Ave (Std Dev)
96.9 (0.0)
0.2 (0.1)
12.6 (7.5)
84.8 (8.7)
-

Loss
0.0
0.0
0.0
0.0 (0.0)
3.1
16.3
6.9
8.8 (6.8)
0.0
0.0
0.0
0.0 (0.0)
0.0
0.0
0.0
0.0 (0.0)
1.0
3.1
3.1
2.4 (1.2)
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Table 4.4. Distribution of 14C from [14C]naphthalene in anaerobic treatments.
% of 14C
Added
% of [14C]Naphthalene
Treatment
Replicate
Still Present
CO2
sNSR
pNSR
UAF
Location 1
#1
113.7
15.9
19.5
12.9
51.7
#2
115.9
16.7
24.3
10.7
48.3
Live
#3
100.7
29.5
20.2
15.1
35.2
Ave (Std Dev)
110.1 (8.2)
20.7 (7.6) 21.3 (2.6) 12.9 (2.2)
45.0 (8.7)
Location 2
#1
94.5
0.7
10.2
9.5
74.1
#2
62.9
0.6
5.2
2.2
54.9
Live
#3
165.7
0.6
4.1
3.1
92.3
Ave (Std Dev)
107.7 (52.6)
0.6 (0.1) 6.5 (3.3)
4.9 (4.0)
73.8 (18.7)
Location 1
#1
103
0.1
5.7
7.1
87.1
#2
109.7
0.1
7.4
12.8
79.7
Killed Control
#3
104.3
0.1
10.1
8.6
81.2
Ave (Std Dev)
105.7 (3.6)
0.1 (0.0) 7.7 (2.2)
9.5 (3.0)
82.7 (3.9)
Location 2
#1
93
0.1
6.5
15.3
71.1
#2
90.7
0.1
6.8
5.6
78.2
Killed Control
#3
87.7
0.1
9.4
4.7
73.4
Ave (Std Dev)
90.5 (2.7)
0.1 (0.0) 7.6 (1.6)
8.6 (5.9)
74.2 (3.6)
Water Control
#1
96.9
0.1
5.0
93.9
#2
96.9
0.3
12.9
83.8
#3
96.9
0.2
20.0
76.7
Ave (Std Dev)
96.9 (0.0)
0.2 (0.1) 12.6 (7.5)
84.8 (8.7)
-

Loss
0.0
0.0
0.0
0.0 (0.0)
5.5
37.1
0.0
14.2 (20.0)
0.0
0.0
0.0
0.0 (0.0)
7.0
9.3
12.3
9.5 (2.7)
1.0
3.1
3.1
2.4 (1.2)
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Figure 4.1. Percent oxygen concentration in the headspace of Set I aerobic microcosms
prepared with groundwater and crushed rock from (a) location 1 and (b) location 2; NAP
= naphthalene.
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Figure 4.2. Naphthalene concentrations in the Set I aerobic microcosms from (a)
location 1 and (b) location 2. Error bars represent standard deviation for triplicate
microcosms.
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Figure 4.3. 14C distribution in the Set I microcosms from location 1 and location 2, (a)
aerobic and (b) anaerobic. Error bars represent standard deviation for triplicate
microcosms.
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Figure 4.4. Acenaphthene concentrations in the Set I aerobic microcosms from (a)
location 1 and (b) location 2. Error bars represent standard deviation for triplicate
microcosms; N/A = not available, since the microcosms were sacrificed before day 295.
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Figure 4.5. Phenanthrene concentrations in the Set I aerobic microcosms from (a)
location 1 and (b) location 2. Error bars represent standard deviation for triplicate
microcosms; N/A = not available, since the microcosms were sacrificed before day 295.
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Figure 4.6. Methane levels in the headspace of Set I anaerobic microcosms prepared
with groundwater and crushed rock from (a) location 1 and (b) location 2; NAP =
naphthalene.
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Figure 4.7. Naphthalene concentrations in the Set I anaerobic microcosms from (a)
location 1 and (b) location 2. Error bars represent standard deviation for triplicate
microcosms.
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Figure 4.8. Sulfate concentrations for Set I anaerobic treatments prepared with
groundwater and crushed rock from location 1. Error bars represent standard deviation
for triplicate microcosms.

83

90
80

Day 0

a

Day 295

58.38
67.44

Acenaphthene (µg/L)

70
60

58.99

52.75

52.75

52.75

52.75

66.60

50
40
30
20
10
0
14

Live

Live + [14C]NAP

b
9.91

9.91

9.91
Acenaphthene (µg/L)

KC + [14C]NAP

Day 295

12
10

KC

Day 0

7.93

7.30

9.91

8.32

8.60

8
6
4
2
0
Live

Live + [14C]NAP

KC

KC + [14C]NAP

Figure 4.9. Acenaphthene concentrations in the Set I anaerobic microcosms from (a)
location 1 and (b) location 2. Error bars represent standard deviation for triplicate
microcosms.
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Figure 4.10. Phenanthrene concentrations in the Set I anaerobic microcosms from (a)
location 1 and (b) location 2. Error bars represent standard deviation for triplicate
microcosms.
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Figure 4.11. Sulfate concentrations in Set II anaerobic microcosms prepared with
groundwater and crushed rock from location 1. Error bars represent standard deviation
for triplicate microcosms; NAP = naphthalene.
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Figure 4.12. Naphthalene concentrations in the Set II anaerobic microcosms from
location 1. Error bars represent standard deviation for triplicate microcosms; NAP =
naphthalene.

87

140

Acenaphthene (µg/L)

120

100

80

60

40

Live + sulfate
Live + sulfate, [14C]NAP added
Live + sulfate + Mo
Live + sulfate+ Moly, [14C]NAP added
Killed Control
Killed Control, [14C]NAP added

20

0
0

10

20

30

40

50

60

70

80

90

100

110

120

130

140

Time (days)

Figure 4.13. Acenaphthene concentrations in the Set II anaerobic microcosms from
location 1. Error bars represent standard deviation for triplicate microcosms; NAP =
naphthalene.
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Figure 4.14. Phenanthrene concentrations in the Set II anaerobic microcosms from
location 1. Error bars represent standard deviation for triplicate microcosms; NAP =
naphthalene.
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Appendix A
HPLC Program for PAHs
A.1 HPLC Program for Eclipse Column
AcquireExclusiveAccess
RI.Temperature.Nominal =
TempCtrl =
Column_A.ActiveColumn =
Column_B.ActiveColumn =
Pressure.LowerLimit =
Pressure.UpperLimit =
MaximumFlowRampDown =
MaximumFlowRampUp =
%A.Equate =
%B.Equate =
%C.Equate =
%D.Equate =
DrawSpeed =
DrawDelay =
DispSpeed =
DispenseDelay =
WasteSpeed =
SampleHeight =
InjectWash =
WashVolume =
WashSpeed =
PunctureOffset =
PumpDevice =
InjectMode =
SyncWithPump =
Data_Collection_Rate =
UV.Rise_Time =
UV_VIS_1.Wavelength =
UV_VIS_1.Bandwidth =
UV_VIS_1.RefWavelength =
UV_VIS_1.RefBandwidth =
0.000

UV.Autozero
Wait
Flow =
%B =
%C =

Off
Off
No
No
0 [psi]
3000 [psi]
6.000 [ml/min²]
6.000 [ml/min²]
"WATER"
"ACETONITRILE"
"%C"
"%D"
10.000 [µl/s]
3000 [ms]
20.000 [µl/s]
0 [ms]
32.000 [µl/s]
2.000 [mm]
Both
100.000 [µl]
25.000 [µl/s]
0.0 [mm]
"Pump"
Normal
On
5.00 [Hz]
0.50 [s]
220 [nm]
1 [nm]
Off
1 [nm]

AZ_Done
2.000 [ml/min]
40.0 [%]
0.0 [%]
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%D =
Curve =
Wait
ColumnOven.Ready and Sampler.Ready
Inject
UV_VIS_1.AcqOn
Flow =
%B =
%C =
%D =
Curve =

0.0 [%]
5

0.660

Flow =
%B =
%C =
%D =
Curve =

2.000 [ml/min]
40.0 [%]
0.0 [%]
0.0 [%]
5

40.000

Flow =
%B =
%C =
%D =
Curve =

2.000 [ml/min]
100.0 [%]
0.0 [%]
0.0 [%]
5

Flow =
%B =
%C =
%D =
Curve =

2.000 [ml/min]
100.0 [%]
0.0 [%]
0.0 [%]
5

UV_VIS_1.AcqOff
Flow =
%B =
%C =
%D =
Curve =

2.000 [ml/min]
40.0 [%]
0.0 [%]
0.0 [%]
5

UV_VIS_1.AcqOff
Flow =
%B =
%C =
%D =
Curve =

2.000 [ml/min]
40.0 [%]
0.0 [%]
0.0 [%]
5

2.000 [ml/min]
40.0 [%]
0.0 [%]
0.0 [%]
5

50.000

55.000

60.000

92

ReleaseExclusiveAccess
End
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A.2 HPLC Program for Zorbax Eclipse Column
AcquireExclusiveAccess
RI.Temperature.Nominal =
TempCtrl =
Column_A.ActiveColumn =
Column_B.ActiveColumn =
Pressure.LowerLimit =
Pressure.UpperLimit =
MaximumFlowRampDown =
MaximumFlowRampUp =
%A.Equate =
%B.Equate =
%C.Equate =
%D.Equate =
DrawSpeed =
DrawDelay =
DispSpeed =
DispenseDelay =
WasteSpeed =
SampleHeight =
InjectWash =
WashVolume =
WashSpeed =
PunctureOffset =
PumpDevice =
InjectMode =
SyncWithPump =
Data_Collection_Rate =
UV.Rise_Time =
Emission.Average =
UV_VIS_1.Wavelength =
UV_VIS_1.Bandwidth =
UV_VIS_1.RefWavelength =
UV_VIS_1.RefBandwidth =
Emission.ExWavelength =
Emission.EmWavelength =
Emission.Gain =
Emission.Sensitivity =
0.000

UV.Autozero
Wait
Emission.Autozero
Flow =

Off
Off
No
No
0 [psi]
4800 [psi]
6.000 [ml/min²]
6.000 [ml/min²]
"WATER"
"ACETONITRILE"
"%C"
"%D"
10.000 [µl/s]
3000 [ms]
20.000 [µl/s]
0 [ms]
32.000 [µl/s]
2.000 [mm]
Both
100.000 [µl]
25.000 [µl/s]
0.0 [mm]
"Pump"
Normal
On
5.00 [Hz]
0.50 [s]
On
220 [nm]
1 [nm]
Off
1 [nm]
223 [nm]
332 [nm]
14.0
Med

AZ_Done
2.000 [ml/min]
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%D = 0.0 [%]
%B =
%C =
Curve =
Wait
ColumnOven.Ready and Sampler.Ready
Inject
UV_VIS_1.AcqOn
Emission.AcqOn
Flow =
%B =
%C =
%D =
Curve =

40.0 [%]
0.0 [%]
5

2.000 [ml/min]
40.0 [%]
0.0 [%]
0.0 [%]
5

0.660

Flow =
%B =
%C =
%D =
Curve =

2.000 [ml/min]
40.0 [%]
0.0 [%]
0.0 [%]
5

1.25

Flow =
%B =
%C =
%D =
Curve =

2.0 [ml/min]
40.0 [%]
0.0 [%]
0.0 [%]
5

8.00

UV_VIS_1.Wavelength =
Emission.ExWavelength =
Emission.EmWavelength =

249 [nm]
275[nm]
350[nm]

12.0

UV_VIS_1.Wavelength =
Emission.ExWavelength =
Emission.EmWavelength =

249 [nm]
290[nm]
430 [nm]

20.0

Flow =
%B =
%C =
%D =
Curve =

2.000 [ml/min]
100.0 [%]
0.0 [%]
0.0 [%]
5

25.0

Flow=
%B =
%C =

2.000 [ml/min]
100.0 [%]
0.0 [%]
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%D =
Curve =

0.0 [%]
5

30.0

Flow =
%B =
%C =
%D =
Curve =

2.000 [ml/min]
40.0 [%]
0.0 [%]
0.0 [%]
5

35.0

Flow =
%B =
%C =
%D =
Curve =

2.000 [ml/min]
40.0 [%]
0.0 [%]
0.0 [%]
5

36.000

UV_VIS_1.AcqOff
Emission.AcqOff
Flow =
%B =
%C =
%D =
Curve =

2.000 [ml/min]
40.0 [%]
0.0 [%]
0.0 [%]
5

40.000

UV_VIS_1.AcqOff
Emission.AcqOff
Flow =
%B =
%C =
%D =
Curve =
ReleaseExclusiveAccess
End

2.000 [ml/min]
40.0 [%]
0.0 [%]
0.0 [%]
5
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HPLC Response Factors and Standard Curves
Table A.1. HPLC response factors-PAHs.
UV/Vis
Set
#

a

Col.

b

GC

1
2
2
3
3

PAH
Naphthalene
Naphthalene
Naphthalene
Naphthalene
Naphthalene
Naphthalene
Naphthalene
Naphthalene
Naphthalene
Naphthalene
Naphthalene

Date
2/21/07
3/19/07
4/5/07
5/7/07
7/9/07
8/10/07
10/10/07
3/19/08
4/14/08
5/6/08
5/22/08

HPLC
RT
(min)
8.15
8.15
8.15
8.15
8.15
8.15
6.11
6.96
6.88
6.80
6.75

8/28/07
10/11/07
5/30/08

11.6
8.25
9.29

10/15/07
10/27/07
10/30/07
5/30/08

I
I
I
I
I
I
I
II
II
II
II

A
A
A
A
A
A
B
B
B
B
B

I
I
II

A
B
B

1
3

Acenaphthene
Acenaphthene
Acenaphthene

I
I
I
II

B
B
B
B

1
1
1
3

Phenanthrene
Phenanthrene
Phenanthrene
Phenanthrene

a

9.20
10.59

RF
(mg/L
-PA)
1.01
0.97
1.02
0.83
0.89
0.72
0.69
0.68
0.68
0.70
0.67

FD
2

R

RF
(µg/L
-PA)

R2

4.86
5.33
39.4

0.999
0.991
0.996

4.86
2.51
2.60
50.81

0.999
0.963
0.963
0.991

0.992
0.969
0.955
0.988
0.984
0.994
0.984
0.998
0.998
0.999
0.993

Column A – Eclipse PAH column (4.6 x 150 mm, 5.0 µm)
Column B – Agilent Technologies Zorbax Eclipse PAH analytical column (4.6 x 150
mm, 5.0 µm) and a Zorbax Eclipse PAH guard column (4.6 x 12.5 mm, 5.0 µm).
b
Guard column
1- new guard column
2- replaced guard column 1 with a new guard column
3- replaced guard column 2 with a new guard column
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Naphthalene (mg/L)

12
10

y = 0.673x
R² = 0.993

8

6

a

4

2
0
0

5

10

20

Peak Area

600

Acenaphthene (µg/L)

15

500
400

300

b

y = 39.427x
R² = 0.996

200
100
0
0.00

5.00

400

Phenanthrene (µg/L)

10.00

15.00

Peak Area

350

300
250
200

c

y = 50.814x
R² = 0.991

150

100
50
0

0.00

2.00

4.00

6.00

8.00

Peak Area

Figure A.1. HPLC response curves for (a) naphthalene, (b) acenaphthene, and (c)
phenanthrene.
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PAH Chromatograms

Figure A.2. Representative chromatogram using the UV detector with the Zorbax Eclipse
column.
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Figure A.3. Representative chromatogram using the FD with the Zorbax Eclipse column.
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GC Response Factors and Standard Curves
Table A.2. GC response factors-oxygena.
Peak Area (%)

RF

Date

Run #1

Run #2

Run #3

Average

(%O2/PA)

2/2/2007

36,624

34,647

37,063

36,111

5.8153E-04

2/12/2007

36,792

38,427

38,036

37,752

5.5627E-04

2/28/2007

35,780

36,182

35,759

35,907

5.8484E-04

3/11/2007

38,478

37,697

37,373

37,849

5.5483E-04

3/21/2007

38,719

38,869

39,119

38,902

5.3981E-04

3/29/2007

35,018

35,751

36,269

35,679

5.8858E-04

4/11/2007

37,235

36,426

36,441

36,701

5.7220E-04

5/8/2007

37,968

36,775

37,612

37,452

5.6072E-04

5/22/2007

38,996

38,296

38,743

38,678

5.4294E-04

6/5/2007

37,131

36,409

35,086

36,209

5.7997E-04

6/18/2007

37,569

38,001

37,398

37,656

5.5768E-04

7/31/2007

34,788

35,586

34,566

34,980

6.0034E-04

10/11/2007 33,642

33,000

32,240

32,961

6.3712E-04

11/4/2007

33,627

33,498

33,167

6.3315E-04

a

32,377

Based on injection of 0.1 mL sample of room air.
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Table A.3. GC response factor-methanea.

Compound
Methane
a

GC
Retention
Time (min)
0.63

Response
Factor
(µmol/bottle)
2.00E-06

R2
0.999

Assumes 100 mL liquid, 60 mL headspace, 23°C

45.0

Methane (µmol/bottle)

40.0
35.0

y = 2.00E-06x
R² = 0.999

30.0

25.0
20.0
15.0
10.0
5.0
0.0
0

5,000,000

10,000,000

15,000,000

Peak Area
Figure A.4. GC response curve for methane.
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20,000,000

25,000,000

IC Response Factors and Standard Curves
Table A.4. IC response factors-chloride, nitrate and sulfate.
IC
Retention
Time (min)
6.56
12.93
18.71

Compound
Chloride
Nitrate
Sulfate

Response
Factor
3.214
6.651
4.989

R2
0.990
0.996
0.987

45.0

Chloride (mg/L)

40.0
35.0

y = 3.214x
R² = 0.990

30.0
25.0

a

20.0
15.0
10.0

5.0
0.0
0

2

4

45.0

6

8

10

12

14

6

7

Peak Area

40.0

Nitrate (mg/L)

35.0

30.0

b

y = 6.651x
R² = 0.996

25.0
20.0
15.0
10.0

5.0
0.0
0

1

2

3

Peak Area

103

4

5

45.0

Sulphate (mg/L)

40.0
35.0
30.0

y = 4.989x
R² = 0.997

25.0

c

20.0
15.0
10.0
5.0
0.0
0

2

4

6

8

Peak Area

Figure A.5. IC response curves for (a) chloride, (b) nitrate, and (c) sulfate.
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